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Nowadays, waste soil or sludge produced from construction sites because of the development 
in infrastructures in studied area or disaster areas such as landslide as a result of heavy rain is 
the big problem that we are facing right now in Vietnam. The common method to deal with 
this problem is discharging the waste soil or sludge directly to disposal area leading to the 
environmental problems. In addition, to recover the landslide area, people usually use new 
materials from other sites. This way costs a lot of money for disposal activities and buying new 
material for fixing those destroyed banks. Thus, a good method to replace the original method 
is required to recycle the waste soil or sludge for using as a construction material. The waste 
soil must be treated before using the recycled soil or sludge as a construction material. 
Currently, there are many methods to stabilize soil but this research focuses on the soil 
stabilization with cement and cornsilk fiber. The reason why natural fiber as cornsilk is used 
in this study because cornsilk fiber is considered as a by-product from corn and local fiber 
material. Cornsilk fiber is abundant and easy to obtain to be used in recycling soil. 
At first, this research focuses on recycling the sludge with high water content to use for ground 
material by using the fiber-cement stabilized sludge method. This part was carried out to 
investigate the strength behavior of cemented sludge reinforced with cornsilk fiber. Hence, a 
series of unconfined compression and splitting tension test was conducted at different levels of 
water, cement, and fiber content. Water contents considered in this study were 40% to 60%; 
cement content used for sludge stabilization was changed from 5 kg/m3 to 40 kg/m3; meanwhile, 
fiber content was used at different levels from 5 kg/m3 to 30 kg/m3. The experiment results 
showed that there was an improvement in failure strength, failure strain, ductility, and stiffness 
with fiber inclusion. Besides, stiffness improvement was based on the amount of cement used. 
The relationships between failure strength with and without fiber inclusion and water, fiber, 
and cement content were described as following power or exponential function with a strong 
correlation coefficient. 
This research also investigates the effect of cornsilk fiber with different fiber contents (0.5%, 
1%, 1.5%, and 2%), fiber lengths (10 mm, 30 mm, and 50 mm) on strength properties of soil 
with low water content. The compaction, compression, and splitting tension test are used in the 
present work. The experimental results reveal that the splitting tensile strength, compressive 
strength. toughness, ductility, and stiffness are improved with fiber inclusion. The most 
enhancement in compressive strength and tensile strength are 38% and 210%, respectively. 
Fiber content of 1% and fiber length of 10 mm or 30 mm are recommended to be used.  
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After that, the effect of cornsilk fiber and cement on mechanical properties of soil with low 
water content is also studied. Four kinds of test including compression, splitting tension, direct 
tension, and compaction tests are used to understand the mechanical characteristics of treated 
soil. A wide range of curing time (7 days, 14 days, and 28 days), cement content (4%, 8%, and 
12% by weight of dry soil), and fiber content (0%, 0.25%, 0.5%, and 1% by weight of dry soil) 
are considered in this research. The multiple nonlinear regression models following the basic 
parameters including curing time, fiber content, and cement content for evaluating strength 
characteristics were established. The effective degree of each parameter on compressive and 
tensile strength was also evaluated.  
The experimental results indicate that the addition of fiber results in the improvement of 
compressive strength and tensile strength in general. The optimum fiber content for improving 
compressive strength and splitting tensile strength is between 0.25% to 0.5%. Splitting tensile 
strength equals to 0.148 times compressive strength. Direct tensile strength equals to 0.071 and 
0.483 times of compressive strength and splitting tensile strength, respectively. Regression 
models with high accuracy based on basic parameters are developed to predict compressive 
strength and tensile strength. According to sensitive analysis, the ascending orders of effective 
parameters on direct tensile strength were fiber content, curing time, and cement content. 
Finally, this study aims to propose a process to simplify the regression models which are used 
to predict some properties of stabilized soil such as compressive strength, tensile strength, etc. 
8 data sources with 613 data points were collected from previous studies to examine the models 
developed from proposed process. The results reveal that although the accuracy of modified 
models is almost the same as that of multiple nonlinear regression model, the modified models 
are simpler than the multiple nonlinear regression models. Besides, they are much more reliable 
than the linear regression models. Thus, the proposed procedure is acceptable to use.  
In conclusion, cornsilk fiber shows good performance in soil stabilization As a result, it 
seems to be a good fiber material to modify soil and should be concerned in future. Furthermore, 
the utilization of waste material to modify soft soil or sludge will bring about many benefits 










CHAPTER 1. INTRODUCTION ........................................................................................... 1 
1.1. Statement problem .......................................................................................................... 1 
1.2. Literature reviews ........................................................................................................... 1 
1.3. Objectives ........................................................................................................................ 6 
1.4. Outline of thesis .............................................................................................................. 6 
CHAPTER 2. STUDY ON STRENGTH BEHAVIOR OF CEMENT STABILIZED 
SLUDGE REINFORCED WITH WASTE CORNSILK FIBER ........................................ 8 
2.1. Introduction ..................................................................................................................... 8 
2.2. Material ........................................................................................................................... 9 
2.2.1. Sludge ....................................................................................................................... 9 
2.2.2. Cement ................................................................................................................... 10 
2.2.3. Fiber ....................................................................................................................... 11 
2.3. Sample Preparation ....................................................................................................... 11 
2.4. Testing Program ............................................................................................................ 13 
2.5. Results and Discussion .................................................................................................. 14 
2.5.1. Compressive Strength ............................................................................................ 14 
2.5.2. Splitting Tensile Strength ....................................................................................... 21 
2.5.3. The Relationship Between Failure Strength And Parameters Affecting On 
Strength Characteristics ................................................................................................... 27 
2.6. Conclusions ................................................................................................................... 31 
CHAPTER 3. EFFECT OF WASTE CORNSILK FIBER REINFORCEMENT ON 
MECHANICAL PROPERTIES OF SOFT SOIL .............................................................. 32 
3.1. Introduction ................................................................................................................... 32 
3.2. Materials ........................................................................................................................ 33 
3.2.1. Soil ......................................................................................................................... 33 
3.2.2. Fiber ....................................................................................................................... 33 
iv 
 
3.3. Specimen Preparation ................................................................................................... 36 
3.4. Testing program ............................................................................................................ 37 
3.5. Results and Discussion .................................................................................................. 38 
3.5.1. Compaction behavior ............................................................................................. 38 
3.5.2. Compressive strength behavior .............................................................................. 39 
3.5.3. Splitting tensile strength behavior .......................................................................... 43 
3.5.4. Stiffness .................................................................................................................. 45 
3.5.5. Toughness .............................................................................................................. 46 
3.5.6. Application feasibility in geotechnical engineering ............................................... 47 
3.6. Conclusions ................................................................................................................... 48 
CHAPTER 4. IMPROVEMENT OF MECHANICAL BEHAVIOR OF CEMENTED 
SOIL REINFORCED WITH WASTE CORNSILK FIBERS........................................... 49 
4.1. Introduction ................................................................................................................... 49 
4.2. Materials and methods .................................................................................................. 50 
4.2.1. Materials ................................................................................................................. 50 
4.2.2. Sample preparation ................................................................................................ 50 
4.2.3. Testing apparatus and procedure ............................................................................ 51 
4.3. Regression models and sensitive analysis ..................................................................... 52 
4.4. Results and discussion .................................................................................................. 53 
4.4.1. Compaction behavior ............................................................................................. 53 
4.4.2. Compressive strength ............................................................................................. 55 
4.4.3. Splitting tensile strength ......................................................................................... 56 
4.4.4. Correlation between compressive strength and splitting tensile strength .............. 57 
4.4.5. The regression models for predicting compressive and splitting tensile strength 
and the sensitivity of parameters. .......................................................................... 58 
4.5. Conclusion .................................................................................................................... 61 
CHAPTER 5. TENSILE BEHAVIORS OF NATURAL FIBER AND CEMENT 
REINFORCED SOIL SUBJECTED TO DIRECT TENSILE TEST ............................... 62 
v 
 
5.1. Introduction ................................................................................................................... 62 
5.2. Materials and methods .................................................................................................. 63 
5.2.1. Materials ................................................................................................................. 63 
5.2.2. Specimen preparation ............................................................................................. 63 
5.2.3. Testing equipment and procedure .......................................................................... 65 
5.3. Experimental results and discussion ............................................................................. 66 
5.3.1. Stress-strain curve .................................................................................................. 66 
5.3.2. Influence of cement content on maximum tensile strength ................................... 70 
5.3.3. Influence of fiber content on tensile strength of cemented soil with different 
curing time ............................................................................................................ 71 
5.3.4. Energy absorption .................................................................................................. 73 
5.3.5. Crack patterns ........................................................................................................ 74 
5.3.6. Correlation of direct tensile strength versus splitting tensile strength and direct 
tensile strength versus compressive strength. ....................................................... 75 
5.3.7. Regression model for predicting direct tensile strength based on basic parameters 
……….. ................................................................................................................. 77 
5.3.8. Sensitive analysis ................................................................................................... 78 
5.4. Conclusions ................................................................................................................... 79 
CHAPTER 6. SIMPLIFICATION OF REGRESSION MODELS FOR PREDICTING 
MECHANICAL AND PHYSICAL PROPERTIES OF STABILIZED SOIL ................. 80 
6.1. Introduction ................................................................................................................... 80 
6.2. The collected database .................................................................................................. 81 
6.3. A process for determining multiple regression models by using regression analysis 
method .......................................................................................................................... 82 
6.4. Results and discussion .................................................................................................. 84 
6.4.1. A typical result of the proposed process ................................................................ 84 
6.4.2. Comparison between modified model and MLR and MNLR models ................... 87 
6.5. Conclusions ................................................................................................................... 91 
vi 
 
CHAPTER 7. CONCLUSIONS ............................................................................................ 92 
REFERENCES ....................................................................................................................... 94 
LIST OF PUBLICATIONS ................................................................................................ 103 





















List of Figures 
Fig. 1. 1 Vietnam location and soil produced from landslide area ............................................ 1 
Fig. 2. 1 Grain size distribution curve...................................................................................... 10 
Fig. 2. 2 Cornsilk fiber used in this study ................................................................................ 11 
Fig. 2. 3 Mixing machine and tools for making specimen....................................................... 12 
Fig. 2. 4 Stress-strain curves at water content of 40% ............................................................. 16 
Fig. 2. 5 Stress-strain curves at water content of 50% ............................................................. 17 
Fig. 2. 6 Stress-strain curves at water content of 60% ............................................................. 18 
Fig. 2. 7 Relationship between secant modulus and fiber content at strain of 2% and water of 
40% ............................................................................................................................ 19 
Fig. 2. 8 Relationship between secant modulus and fiber content at strain of 2% and water of 
50% and 60% ............................................................................................................. 19 
Fig. 2. 9 Relationship between failure strength and strain and additive amount of cornsilk 
with different additive amount of water and cement ................................................. 20 
Fig. 2. 10 Stress-strain curves at water content of 60% with variations of fiber and cement 
content ..................................................................................................................... 22 
Fig. 2. 11 Stress-strain curves at water content of 50% with variations of fiber and cement 
content ..................................................................................................................... 23 
Fig. 2. 12 Stress-strain curves at water content of 40% with variations of fiber and cement 
content ..................................................................................................................... 24 
Fig. 2. 13 The effect of fiber content on failure tensile strength at water content of 60% with 
variations of fiber and cement content .................................................................... 26 
Fig. 2. 14 The effect of fiber content on failure tensile strength at water content of 50% with 
variations of fiber and cement content .................................................................... 26 
Fig. 2. 15 The effect of fiber content on failure tensile strength at water content of 40% with 
variations of fiber and cement content .................................................................... 27 
Fig. 2. 16 Correlation of 𝜎𝑓, 𝑐/𝜎𝑐 and C/F .............................................................................. 28 
Fig. 2. 17 Correlation of σf, c/σc and W(C/F)0.5 ..................................................................... 28 
Fig. 2. 18 Correlation of  𝜎𝑓, 𝑐 and F ....................................................................................... 28 
Fig. 2. 19  Correlation of 𝜎𝑓, 𝑐 and C ...................................................................................... 29 
Fig. 2. 20 Correlation of  𝜎f, c and C/W ................................................................................... 29 
Fig. 2. 21 Relationship of 𝜎f, c and (C/W)F0.02 ........................................................................ 30 
viii 
 
Fig. 3. 1 Cornsilk fibers used in this investigation: (a) 10 mm long; (b) 30 mm long; (c) 50 
mm long; (d) micrograph of cornsilk with 200X....................................................... 34 
Fig. 3. 2 The frequency of fiber length after cutting: a) 10 mm; b) 30 mm; c) 50 mm. .......... 35 
Fig. 3. 3 The average lengths corresponding to chopped lengths. ........................................... 36 
Fig. 3. 4 Modified UCT machine using for splitting tension test. a) before testing; b) after 
testing ......................................................................................................................... 38 
Fig. 3. 5 The effect of fiber content on OWC .......................................................................... 39 
Fig. 3. 6 The effect of fiber content on γd ............................................................................... 39 
Fig. 3. 7 Stress-strain curve with variations of fiber content (F) and fiber length (L). a) 10 
mm; b) 30 mm; c) 50 mm. ......................................................................................... 41 
Fig. 3. 8 The interaction between fibers and soil matrix. a) network of fibers in soil matrix; b) 
soil particles attached on fiber. .................................................................................. 42 
Fig. 3. 9 The effect of fiber contents on maximum compressive strength............................... 43 
Fig. 3. 10 Fibers twisted in form lumps of fiber-soil matrix.................................................... 43 
Fig. 3. 11 Stress-strain curve with variations of fiber content and fiber length. a) 10 mm; b) 
30 mm; c) 50 mm. ................................................................................................... 44 
Fig. 3. 12 The effect of fiber contents on failure splitting tensile strength. ............................. 45 
Fig. 3. 13 The effect of fiber inclusion on tensile failure characteristics................................. 45 
Fig. 3. 14 The effect of fiber contents on secant modulus with different fiber lengths. .......... 46 
Fig. 3. 15 The effect of fiber contents on energy absorption capacity at different fiber lengths.
 ................................................................................................................................. 47 
Fig. 4. 1 Photograph of cornsilk fibers .................................................................................... 50 
Fig. 4. 2 Shimazu machine using for tests. a) Compression test and b) Splitting tension test 52 
Fig. 4. 3 Compaction properties of soil reinforced with variations of fiber and cement content; 
a) C4%, b) C8%, and c) C12%. ................................................................................. 54 
Fig. 4. 4 Effect of fiber content (F) on compressive strength at variations of cement content 
(C) and curing age (D) ............................................................................................... 56 
Fig. 4. 5 Effect of fiber content (F) on splitting tensile strength at variations of cement content 
(C) and curing time (D); a) 7 days, b) 14days, and c) 28 days. ................................. 57 
Fig. 4. 6 Correlation between compressive strength and tensile strength ................................ 58 
Fig. 4. 7 Estimated data versus experimental data; a) Compressive strength b) Tensile 
strength ...................................................................................................................... 60 
Fig. 5. 1 Fiber photograph........................................................................................................ 63 
Fig. 5. 2 Compacted mold ........................................................................................................ 64 
ix 
 
Fig. 5. 3 Testing apparatus; a) tensile mold, b) tensile machine .............................................. 65 
Fig. 5. 4 Typical stress-strain curves of cemented soil reinforced with fiber at 7 days; a) C4%, 
b) C8%, and c) C12% ................................................................................................ 67 
Fig. 5. 5 Typical stress-strain curves of cemented soil reinforced with fiber at 14 days; a) 
C4%, b) C8%, and c) C12% ...................................................................................... 68 
Fig. 5. 6 Typical stress-strain curves of cemented soil reinforced with fiber at 28 days; a) 
C4%, b) C8%, and c) C12% ...................................................................................... 69 
Fig. 5. 7 Bridging effect of fiber reinforced cemented soil at failure plane ............................ 70 
Fig. 5. 8 Influence of cement content on direct tensile strength with various curing times .... 70 
Fig. 5. 9 Maximum direct tensile strength; a) 7 days, b) 14 days, and c) 28 days. .................. 72 
Fig. 5. 10 Energy absorption capacity of cemented soil reinforced with fiber. a) 7 days, b) 14 
days, and c)28 days. ................................................................................................ 73 
Fig. 5. 11 Failure pattern of specimens with curing time 28 days and 12% cement; a) 0% 
fiber, b) 0.25% fiber, c) 0.5% fiber, and 1% fiber................................................... 75 
Fig. 5. 12 The relationship between DTS and STS.................................................................. 76 
Fig. 5. 13 The relationship between DTS and UCS ................................................................. 76 
Fig. 5. 14 Predicted data versus experimental data .................................................................. 78 
Fig. 6. 1 The correlation of experimental and predicted data of selected and modified model
 ................................................................................................................................. 86 
Fig. 6. 2 The root mean square errors. a) Source No. 1, b) Source No. 2, c) Source No. 3, d) 












List of Table 
Table 2. 1 Chemical properties of clay and silt ......................................................................... 9 
Table 2. 2 Physical properties of soil ....................................................................................... 10 
Table 2. 3  Chemical and physical properties of GEOSET 200 .............................................. 11 
Table 2. 4 Mixing conditions ................................................................................................... 13 
Table 3. 1 Mixing conditions for the tests ............................................................................... 37 
Table 4. 1 Mixing conditions ................................................................................................... 51 
Table 4. 2 The P-values of coefficients associated with variables in regression models ........ 59 
Table 4. 3 Effective degree of input parameters ...................................................................... 61 
Table 5. 1 Mixture designation ................................................................................................ 64 
Table 5. 2 The sensitivity of input parameters ......................................................................... 79 
Table 6. 1 The collected database used in the investigation .................................................... 82 
Table 6. 2 The P-value and adjusted determination coefficient (R2a) of selected and modified 
models ................................................................................................................... 86 
Table 6. 3 The form of modified, MLR, and MNLR models corresponding to each data 































Chapter 1. Introduction 
1.1. Statement problem 
Vietnam is a small and developing country located in Southwest Asia bordering with China, 
Laos, and Cambodia. Currently, to adapt to the development of economy in Vietnam, the 
improvement in infrastructure is required. Therefore, many infrastructure projects like metro, 
sky building, highway, etc. have been conducted in recent years. These activities produce a 
large amount of soft soil or sludge which is considered as waste material and usually is 
discharged into natural environment leading to environmental issues. In addition, heavy 
rainfalls often occur in Vietnam where has tropical monsoon climate causing landslide. This is 
also the reason for producing waste soil or sludge. Thus, the waste soil or sludge produced in 
construction sites or disaster area is a big problem to natural environment that Vietnam has 
faced in recent years. Therefore, recycling these waste materials is necessary and should be 
concerned in these days.  
  
Fig. 1. 1 Vietnam location and soil produced from landslide area [93] 
Besides, Vietnam is also agricultural country so the by-product yield every year in Vietnam is 
very large. In order to treat the by-product from agricultural crops, a traditional way used 
currently is burning. However, the gas from burning activity will cause the global warming 
issue. Hence, the by-product from agricultural crops should be utilized in order to increase the 
recycling rate. 
1.2. Literature reviews 
Estabragh et al. (2012) [1] conducted unconfined compression test in order to investigate the 
behavior of cemented soil reinforced by nylon fiber with different cement content (0.5%, 
0.75%, 1%, and 1.25%) and fiber content (5%, 8%, and 10%). The specimens with various 
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curing times (3 days, 7 days, 14 days, and 28 days) were also considered in the study. The 
results of this study revealed that the compressive strain and strength of stabilized specimen 
increased and the fiber inclusions changed the behavior of cemented soil to ductile behavior. 
The optimum fiber content was about 1%. This study pointed out that the addition of fibers and 
cement to soil can be considered as efficient because the reinforced specimen has both fiber-
reinforced soil properties and cement-stabilized soil properties. 
Soganci et al. (2015) [2] investigated the effect of polypropylene fiber on swelling 
characteristics of expansive soil by conducting the unconfined compressive test, compaction 
test, and swelling test. The results showed that the compressive strength was increased with 
increasing fiber content. The fiber reinforced soil was more ductile than unreinforced soil. For 
swelling property, the inclusion of fiber decreased the swell percent of expansive soil. The 
study pronounced that soil reinforced with polypropylene is a useful method for ground 
improvement and it is easier to apply than other methods. 
Dafalla et al. (2017) [3] investigated the tensile strength behavior of fiber reinforced soil treated 
with chemical admixture by conducting the splitting tensile test. The experimental results 
indicated that there is almost no effect on tensile strength of clay reinforced with polypropylene 
fiber only. Meanwhile, the polypropylene can enhance the tensile strength of clay treated with 
6% lime from 13% to 28% depending on the fiber content. It means that there was no bond 
between fibers and clays when cementing agent was not used. 
Ghavani et al. (1999) [4] performed a study about utilizing natural fiber reinforcing soil to deal 
with the housing shortage problem. This study focused on the physical and mechanical 
properties of fiber reinforced soil by conducting compaction test, compressive test, drying 
process. In this study, two kinds of fibers including sisal and coconut fibers were used to 
improve mechanical and physical properties of three kinds of soil. The results indicated that 
the soil with fiber inclusion is more ductile than unreinforced soil and the compressive strength 
slightly improved with the addition of fibers. In addition, fiber inclusion prevented shrinkage 
cracks due to the drying process.  
Yixian et al. (2016) [5] studied the effects of jute fiber on strength properties of soil. In this 
study, the different fiber content, fiber length, water content, and dry density were considered. 
Direct shear tests and CU triaxial compression tests were used to investigate the strength 
behavior of reinforced and unreinforced specimen. Experimental results presented that the 
optimum fiber content and fiber length were 0.6% and 6 mm, respectively. With the addition 
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of fiber from 0% 0.6%, the cohesion of reinforced samples increased. Further increasing fiber 
content, the cohesion of reinforced specimens decreased. For specimens with higher water 
content, the fiber reinforcement effects decreased due to water playing a role as a lubricant in 
the interface of soils particles and fibers. On the other hand, for specimens with higher dry 
density, the effect of fiber reinforcement enhanced due to the improvement in the effective 
contact area between soil and fiber. 
Prabakar et al. (2012) [6] conducted compaction tests and triaxial compression tests in order to 
understand the influence of sisal fiber in soil reinforcement in term of strength properties. In 
the present work, variations of fiber content (0.25%, 0.5%, 0.75%, and 1%) and fiber length 
(10 mm, 15 mm, 20 mm, and 25 mm) were considered. The experimental results displayed that 
the cohesion and friction angle significantly improved. The optimum fiber content and fiber 
length were 0.75% and 20 mm, respectively. The study concluded that sisal fiber can be 
considered as a good fiber reinforcement material. 
Consoli et al. (2013) [7] conducted compressive tests and splitting tensile tests for fiber-
reinforced and non-reinforced cemented sand. Based on the experimental results, the effects of 
cement volumetric content, porosity, and porosity/cement ratio on evaluating the compressive 
strength and tensile strength were studied. The compressive strength and splitting tensile 
strength for different conditions could be assessed by using the porosity/ volumetric cement 
ratio with the exponent value of 0.28 for volumetric cement. Tensile strength/compressive 
strength ratio equal to 0.14 for fiber reinforced cemented soil and 0.1 for unreinforced 
cemented soil.  
Takahashi et al. (2010) [8] utilized crushed board paper for use in a new recycling system for 
high water content mud. Crushed board paper was used as a fiber material to replace paper 
debris due to increasing in the price of old new newspaper. The research focused on the strength 
behavior of fiber-cement stabilized sludge. The results revealed that compressive strength and 
strain of specimens reinforced with crushed board paper was almost same as that of specimens 
reinforced with paper debris. It means that the crushed board paper can be used to substitute 
for paper debris. 
Satomi et al. (2014) [9] investigated the strength properties and permeability of fiber-cement-
stabilized soil. The soil used in this research were made of tsunami sludge. Paper debris was 
used as fiber material. The addition of fiber caused an increase in failure strength and 
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compressive strength. However, the fiber inclusion did not affect the hydraulic conductivity. 
The hydraulic conductivity reduced with the increasing cement content. 
Consoli et al. (1998) [10] performed triaxial compression test in order to understand the 
influence of fiber and cement on soil. Cement contents were 0% and 1% by weight of dry soil. 
Chopped fiberglass was used with the length of 12.8mm and contents of 0% and 3% by weight 
of dry soil. The experimental results showed that there is an improvement in peak and residual 
strength. With fiber reinforcement, the specimens are more ductile than the unreinforced 
specimens. Stiffness increased with cement inclusion and decreased with fiber addition. 
Hooresfand et al. (2011) [11] evaluated the influences of polypropylene fiber on the strength 
properties of cemented sand by conducting a triaxial compression tests. Cement content of 3% 
by weight of dry soil and fiber contents of 0.5% and 1% by weight of dry soil were used in this 
study. The reinforced specimens were cured for 7 days before subjected to compression tests. 
The experimental results revealed that the fiber inclusion into cemented soil improved the peak 
and residual strength. In addition, the cemented soil changed from brittle to ductile behavior 
with fiber addition. 
Ahmad et al. (2010) [12] performed the triaxial compression test in order to study the effect of 
discrete fiber on strength behavior of silty sand. The natural fiber named oil palm empty fruit 
bunch fibers was used in this research. The specimens were prepared at different fiber content 
consisted of 0.25% and 0.5% and fiber length including 10 mm, 30 mm, and 45 mm. These 
specimens were both tested under drained and undrained conditions. The result revealed that 
the specimens with fiber inclusion had better shear strength compared to that without fiber 
addition. Additionally, this study also compared the different between specimens reinforced 
with fiber coated with acrylic butadiene styrene thermoplastic and uncoated fiber in term of 
shear strength. The shear strength of specimens with coated fiber was higher than that of 
specimens with uncoated fiber. This happened due to the increasing surface area leading to the 
improvement of interface friction between fiber and soil when using coated fiber. 
Anggraini et al. (2015) [13] conducted the splitting tension test and unconfined compression 
test to investigate the compressive strength as well as tensile strength of soil stabilized by lime 
and coir fiber. The results show that the compressive and tensile strength improved with the 
fiber and lime inclusion. The relationship between compressive strength and splitting tensile 




Cai et al. (2006) [14] conducted the study on polypropylene reinforcement in lime stabilized 
soil in order to reduce the brittleness. This research considered wide range of lime content (2%, 
5%, and 8%) and fiber content (0.05%, 0.15%, and 0.25%) to investigate the engineering 
properties of lime stabilized soil reinforced with polypropylene fiber. The modified specimens 
were tested by direct shear test, unconfined compression test, swelling test, and shrinkage test. 
The mechanical properties of treated soil were significantly affected by lime content, fiber 
content, and curing time. With the increasing fiber content, the strength end shrinkage of 
specimens with fiber inclusion enhanced, but the swelling of that reduced. In addition, through 
scanning electron microscopy analysis, there is a physical interaction between soil and fiber in 
the treated specimen. 
Chauhan et al. (2008) [15] investigated the effect of coir fiber and synthetic fiber in soil 
stabilization. Some experiments including compaction test, unconfined compression test, and 
static triaxial test were used to investigate the mechanical properties of stabilized soil. the 
experimental results indicated that the permanent and resilient strain of modified soil increase 
with the number of load cycles and decrease with confining pressure. In term of resilient, the 
modified soil reinforced with coir fiber was better than that reinforced with synthetic fiber. 
Danso et al. (2015) [16] investigated the effect of different kinds of natural fiber including 
coconut, bagasse, and oil palm fibers on engineering properties of soil blocks. The compressive 
strength and tensile strength of reinforced blocks were studied. For specimens with oil palm 
fiber and coconut fiber, the strength properties improved with the increasing aspect ratio. In 
term of specimens with bagasse fiber, strength initially increased and then decreased with 
higher aspect ratio. 
Danso et al. (2015) [17] used agricultural waste to stabilize soil blocks. Different fiber contents 
from 0.25% to 1% were used to reinforce soil block. The samples were tested in term of 
compressive strength, tensile strength, water absorption, density, etc. The experimental results 
revealed that the mechanical and durability properties of modified block improved in general.  
Kumar et al. (2007) [18] conducted an experimental program to investigate the geotechnical 
characteristics of sly ash-soil and lime-soil reinforced with polyester fiber. This research 
considered a wide range of fly ash content (1%-10%) and lime content (1%-10%). Three kinds 
of experiment were used including compaction, compression, and splitting tension tests. The 
specimens were cured at different curing time (7 days, 14 days, and 28 days) before subjecting 
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to the tests. The results indicated that the soil reinforced with fiber, lime, and fly ash could be 
used in geotechnical engineering.  
Li et al. (2014) [19] investigated the tensile behavior of soil reinforced with discrete fiber by 
conducting direct tension test. This research studied the effect of water content, dry density, 
and fiber content on tensile strength of reinforced soil. With fiber inclusion, the tensile strength 
and tensile ductility were significantly improved. In addition, the tensile strength also increased 
with increasing fiber content. The tensile strength increased with increasing dry density or 
reducing water content. 
1.3. Objectives 
To solve the problems that Vietnam has been currently faced, this research aims to recycle the 
waste soil and by-products from agricultural crops. These waste materials will be utilized to 
make new construction and building materials. The modified soil could be used for ground 
material to recover landslide area or building material such as earth block to build house, 
retaining wall, etc. The fiber-cement stabilized soil method is the most suitable method to apply 
in this study. The stabilized material will be examined in term of mechanical properties 
including stress-strain curve, unconfined compressive strength, splitting tensile strength, direct 
tensile strength, crack patterns, stiffness, energy absorption capacity (toughness), optimum 
water content, and maximum dry unit weight.  
In addition, the experimental results especially from modified soil using for building material 
would be used to make some relationships of compressive strength versus splitting tensile 
strength, compressive strength versus direct tensile strength, splitting tensile strength versus 
direct tensile strength. Some empirical models to predict compressive, splitting tensile, and 
direct tensile strength according to three basic parameters including cement content, fiber 
content, and curing time were proposed based on regression analysis. 
1.4. Outline of thesis 
This thesis includes 7 chapters. The content of each chapter is as follows: 
Chapter 1 presents the problems relating to waste soil or sludge and agriculture waste 
happening in Vietnam. The literature reviews from previous studies and objectives of this 
research are also introduced in this chapter. 
Chapter 2 aims to use the fiber-cement stabilized soil method to investigate the effect of 
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cornsilk fiber on mechanical properties of cemented soil by using compression and splitting 
tension test. The soil with high water content is considered in this chapter. 
Chapter 3 studies the effect of different fiber contents and fiber lengths on mechanical 
characteristics of soil by using three different tests consisted of compaction, compression, and 
splitting tension tests. 
Chapter 4 investigates the mechanical properties of soil with low water content stabilized with 
cement and cornsilk fiber. The modified mixture including soil, fiber, and cement are prepared 
at optimum water content. The maximum dry unit weight, optimum water content, compressive 
strength, splitting tensile strength of reinforced soil are investigated. In addition, some models 
for predicting strength properties are also proposed based on regression analysis.  
Chapter 5 investigates the direct tensile strength behavior. The specimens are prepared at 
different fiber contents, cement contents, and curing times. The stress-strain curves, direct 
tensile strength, total energy absorption capacity, crack pattern are studied. 
Chapter 6 aims to propose a simplification procedure to simply the multiple nonlinear 
repression models to evaluate some problems such as compressive strength, tensile strength, 
etc.  
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Chapter 2. Study on Strength Behavior of Cement Stabilized 
Sludge Reinforced with Waste Cornsilk Fiber 
2.1. Introduction 
Soft soil or sludge produced from construction sites or disaster areas is generally discarded to 
the natural environment. It causes many environmental issues and increases the project cost 
because of discharge fee inclusion. In addition, the use of borrowed soil material from another 
site is uneconomical for the overall cost of the construction project. Hence, it is necessary to 
modify or recycle local soil. Nowadays, an attractive method to deal with these problems is 
fiber-cement stabilized soil method, which is belonged to chemical and mechanical stabilized 
soil categories [1].   
There are two fiber categories consisted of synthetic and natural fibers, which are classified 
based on their nature. Synthetic fibers are more concerning by many researchers compared with 
natural fibers due to high performance in structural concrete as well as soil reinforcement 
[2,3,20]. Nevertheless, from sustainable and economical points of view, natural fibers are better 
than synthetic fibers because of their renewable, available, and cheap resources. Furthermore, 
some researchers have been already confirmed the workability of natural fiber in ordinary 
concrete, mortar composites and soil stabilization [4–6,21–23].  
Currently, cornsilk is a by-product from corn, which is the third most cultivation in the world 
[24], so the yield of cornsilk every year is redundant and it is easily obtained from the cultivated 
field. The use of cornsilk fiber in cemented sludge results in lower construction cost and 
environmental issue improvement. In addition, there is no research work on the utilization of 
cornsilk in fiber reinforcing cemented sludge. Therefore, the cornsilk fiber was focused on 
fibers to improve the sludge in this study. 
Consoli et al. [7,25] reported that the effect of parameters such as the amount of cement, the 
porosity, etc. to the unconfined compressive strength and the splitting tensile strength of fiber 
reinforced cement-soil (FRCS) mixture could be described following a power function. The 
porosity-to-cement ratio is a proper parameter to evaluate the tensile and compressive strength 
of FRCS mixture. Since the kind of fiber in previous studies was synthetic fiber, there are some 
differences with natural fiber such as bonding surface. Therefore, it is necessary to check the 
parameters affecting strength behavior when using natural fibers. 
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The aim of this study is to understand the mechanical properties (i.e. failure strength, ductility, 
stiffness) of fiber-cement stabilized sludge with a different amount of cornsilk fiber at the 
different water and cement contents. Besides, the relationship between failure strength of 
cement stabilized sludge with and without fiber and the water-cement-fiber ratios is also 
considered in this study. 
2.2. Material 
2.2.1. Sludge 
In order to carry out the systematic experiments, a large amount of sludge is necessary. 
However, it is difficult to obtain a large amount of actual sludge. Hence, artificial sludge was 
used in this study. The imitation sludge sample is composed of Kasaoka clay, silt, and water. 
The ratio of clay and silt in the sludge mixture is 40:60 in dry mass. This ratio was decided 
according to the previous research [8]. The water content in sludge was used at different levels 
of 40%, 50%, and 60% by weight of soil in dry mass. Chemical properties of Kasaoka clay and 
silt are shown in Table 2. 1. Physical properties of soil composed of clay and silt are shown in 
Table 2. 2. The grain particle size of soil is also shown in Fig. 2. 1.  






SiO2 77.9 69.1 
Al2O3 12.9 20.2 
Fe2O3 2.08 5.46 
CaO 1.88 0.91 
MgO 0.28 0.807 
MnO 0.072 0.027 
Na2O 1.97 1.48 









Table 2. 2 Physical properties of soil 
Properties Values 
Grain size analysis  
Gravel (%) 0 
Sand (%) 8.10 
Silt (%) 83.5 
Clay (%) 8.50 
Specific gravity 2.47 
Atterberg limits  
Liquid limit (%) 46.1 
Plastic limit (%) 29.4 
Plasticity index (%) 16.7 
Soil classification  
USCS OL 
AASHTO A-7-6 
Compaction parameters  
Optimum water content (%) 30.8 
Maximum dry unit weight (kN/m3) 12.9 
Unconfined compression strength (kN/m2) 72.9 
2.2.2. Cement 
The kind of cement used in this study was GEOSET 200, which was provided by Taiheiyo 
Cement Corporation. It is consistent with a wide variety of purposes, including both shallow 
and deep stabilization of soft ground, as well as the solidification of sludge and bottom-layer 
soil. Chemical and physical properties of GEOSET 200 are shown in Table 2. 3. 
 

























Table 2. 3  Chemical and physical properties of GEOSET 200 
Properties Values 
Chemical compound  
SiO2 (%) 23.6 
Al2O3 (%) 7.76 
Fe2O3 (%) 1.83 
CaO (%) 53.9 
MgO (%) 3.35 
SO3 (%) 6.53 
Physical properties  
Specific surface (cm2/g) 3.68 
Specific gravity 3.01 
2.2.3. Fiber 
The fiber used in this study was cornsilk as shown in Fig. 2. 2, which is classified as a single 
fiber. They were provided by Thanh Binh Company, Vietnam. The length, diameter, and water 
absorption of cornsilk fibers were approximately 10 mm, 0.3 mm, and 4 cc/g, respectively. The 
procedure for determining water absorption is shown as following. 1) Mixing 10 g fiber and 
100 ml (100 g) distilled water in 1 min. 2) Filter paper and glass funnel are wetted by distilled 
water. 3) Puting filter paper on glass funel which is put on glass tube. 4) After 1 min, pouring 
mixture of distilled water and fiber on funnel. 5) Waiting for 30 mins and measuring water 
volume on glass tube. Finally, water absorption of fiber is calculated by Eq. (2. 1)   
Wa = (100-V)*100/m                                              (2. 1) 
where Wa is water absorption capacity of fiber, V is mass of water in glass tube, m is 10 g fiber. 
 
Fig. 2. 2 Cornsilk fiber used in this study 
2.3. Sample Preparation 
The sludge was modified by adding cement and fibers. The water content of sludge (W) and 
the additive amount of cement (C) and fibers (F) are shown in Table 2. 4. The procedure to 
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make specimens for testing is as follows.  
(1) Adding fibers and cement into the sludge and mixing until obtaining homogenous mixture 
by mixing machine as Fig. 2. 3.  
(2) Curing the mixtures in the oven at 20±3 degree Celsius for 3 days to get modified sludge.  
(3) Making specimens by compacting the modified sludge in a standard steel mold of 50 mm 
in diameter and 100 mm in height as Fig. 2. 3.  
(4) Curing the specimens having the diameter of 50 mm and the height of 100 mm for 7 days 
[9]. 
 
































1 40 30 0 16 50 40 0 
2 40 30 10 17 50 40 10 
3 40 30 20 18 50 40 20 
4 40 35 0 19 50 50 0 
5 40 35 10 20 50 50 10 
6 40 35 20 21 50 50 20 
7 40 40 0 22 60 35 0 
8 40 40 10 23 60 35 10 
9 40 40 20 24 60 35 20 
10 40 50 0 25 60 40 0 
11 40 50 10 26 60 40 10 
12 40 50 20 27 60 40 20 
13 50 35 0 28 60 50 0 
14 50 35 10 29 60 50 10 
15 50 35 20 30 60 50 20 
UCT 
1 40 5 0 21 50 30 10 
2 40 5 10 22 50 30 15 
3 40 5 20 23 50 30 20 
4 40 5 30 24 50 30 25 
5 40 10 0 25 50 35 0 
6 40 10 10 26 50 35 5 
7 40 10 20 27 50 35 10 
8 40 10 30 28 50 35 15 
9 40 15 0 29 50 40 0 
10 40 15 10 30 50 40 10 
11 40 15 20 31 60 40 20 
12 40 20 0 32 60 30 0 
13 40 20 10 33 60 30 10 
14 40 20 20 34 60 30 20 
15 40 20 30 35 60 35 0 
16 40 5 0 36 60 35 10 
17 40 25 10 37 60 35 20 
18 40 25 20 38 60 40 0 
19 50 30 0 39 60 40 10 
20 50 30 5 40 60 40 20 
W: water content    C: cement content   F: Fiber content 
STS: Splitting tensile test   UCS: Unconfined compressive test 
2.4. Testing Program 
Unconfined compression tests with a load controlled 2 kN maximum load and an axial 
displacement rate of 1 mm/min were carried out according to ASTM D1633 [26] on the 
specimens of 50 mm in diameter and 100 mm in height. The curing time of samples used in 
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this test was 7 days. According to ASTM D2166 [27], the maximum strain is limited to 15%, 
so the test would be performed until the displacement reaching 15 mm approximately. 
Splitting tension test was conducted according to Ref. [28] by using unconfined compression 
machine and a supplemental piece. The additional part was a pair of loading strips with 5 mm 
thick, 120 mm long and 10 mm wide. Specimens with the diameter of 50 mm and the height 
of 100 mm were compressed under a maximum load machine of 2 kN and an axial displacement 
rate of 1 mm/min. The splitting tensile strength values of specimens in the same mixing 
condition differ by less than 14% of their average. The tensile strength 
t







                                                               (2. 2) 
Where: P is the compressive force, D is the specimen diameter, and L is the specimen length. 
2.5. Results and Discussion 
2.5.1. Compressive Strength 
Fig. 2. 4, Fig. 2. 5, and Fig. 2. 6 show the stress-strain curves of all mixtures. Name of each 
mixing condition is abbreviated following W, C, and F. For example, W40C5CS0 indicates 
that the amount of water, cement, and fiber used in the admixture is 40%, 5 kg/m3, and 0 kg/m3, 
respectively. From these figures, it is clear that there was an improvement of stress as well as 
strain with fiber inclusion comparing with sludge stabilized by cement only. 
The trend of stress-strain curve for mixtures with and without fiber inclusion after obtaining 
peak stress point was different. For sludge reinforced with cement only, the stress decreased 
significantly after peak stress causing suddenly structural failure. On the other hand, the stress 
gradually decreased for cemented sludge reinforced with fibers. Especially, the stress-strain 
curve tendency still increased after the strain reached 15% in some cases such as W40C10CS30, 
W50C30CS20, etc.  
Ductility behavior of soil can be defined as the maximum axial strain of stress-strain curve [1].  
Many previous studies had already confirmed that the behavior of cemented soil with fiber 
inclusion is changed from brittle to ductile [10,11]. As can be seen in Fig. 2. 4, Fig. 2. 5, and 
Fig. 2. 6, the addition of cornsilk fiber considerably improved the ductility behavior of soil. It 
is consistent with previous studies mentioned above. In other words, the effect of cornsilk fiber 
on ductility is not different compared with other natural or synthetic fibers. 
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Secant modulus is also an important parameter to evaluate the stiffness behavior of the 
materials and can be determined from the unconfined compression test. It is defined as the ratio 
of stress and strain at any point on the stress-strain curve. This study considers secant modulus 
at the strain of 2% for all mixtures. The results from Fig. 2. 7 and Fig. 2. 8 show that there were 
two trends of secant modulus. The first one was for using a small amount of cement (5 kg/m3, 
10 kg/m3, and 20 kg/m3). The effect of cement on soil behavior was not much, so modulus 
values at the strain of 2% increased with increasing fiber content. It can be concluded that the 
effect of fiber was not only making specimen more ductile but also improving the stiffness of 
sample. The second tendency is that the secant modulus decreased with increasing fiber content. 
It is in agreement with the results of previous studies [29,30]. A reasonable explanation for the 
second trend is the use of a large amount of cement (30 kg/m3, 35 kg/m3, and 40 kg/m3). In a 
word, the increase or decrease of secant modulus of cemented sludge with fiber inclusion is 
based on the amount of cement used.  
The effect of fiber content on failure strength and strain with variations of cement and water 
content was also considered. Failure strength was a peak stress point in the stress-strain curve 
of each mixture. In general, both failure strength and strain increased with increasing amount 
of fibers, it can be readily observed in Fig. 2. 9. The influence of fiber inclusion with variations 
of fiber content in increasing failure strength is as follows. 1) For W40 with C5, C10, and C20; 
from 64.2% to 190.6%. 2) For W50 with C30, C35, and C40; from 1.9% to 43.8%. 3) For W60 
with C30, C35, and C40; from 14.8% to 85.9%. These results indicate that the addition of 



















































































































































































































































































Fig. 2. 8 Relationship between secant modulus and fiber content at strain of 2% and water of 




























































Fig. 2. 9 Relationship between failure strength and strain and additive amount of cornsilk 
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2.5.2. Splitting Tensile Strength 
The typical stress-strain curves of each mixture obtained from splitting tension test are shown 
in Fig. 2. 10 to Fig. 2. 12. As can be clearly seen in these figures, the effect of cornsilk fiber 
addition in cemented sludge could be described as follows. (1) Splitting tensile strength of 
reinforced specimens improved when fibers were included. (2) Specimens reinforced with 
cornsilk fibers had a higher tensile strain in comparison to unreinforced specimens. Ref. [1] 
mentioned that ductility property can be defined by tensile strain parameter. It meant that the 
reinforced specimens were more ductile than unreinforced specimens. (3) The loss of post-peak 
strength decreased with increasing fiber content, which led to the limit of suddenly structural 
failure. (4) Initial tangent modulus (initial slope of stress-strain curve) representing for stiffness 
property can be easily observed, the results indicated that the effect of fiber on initial tangent 
modulus in fiber-cement sludge was insignificant. In other words, the addition of cornsilk fibers 
did not influent on improving the stiffness property of cemented sludge. These results are 
consistent with Ref. [31].  
In addition, to quantify the effect of fiber content in increasing the splitting tensile strength of 
cemented sludge, the failure tensile strength, which could be defined as peak strength point of 
stress-strain curves, was determined. Fig. 2. 13 to Fig. 2. 15 plot the failure tensile strength 
versus fiber content at different levels of cement content and water content. As can be seen, the 
failure tensile strength considerably increased when the fiber content raised. The highest 
improvement of tensile strength was 327.8% with respect to specimen of W60C50F20. The 


















































































































































































































































Fig. 2. 13 The effect of fiber content on failure tensile strength at water content of 60% with 
variations of fiber and cement content 
 
Fig. 2. 14 The effect of fiber content on failure tensile strength at water content of 50% with 




















































Fig. 2. 15 The effect of fiber content on failure tensile strength at water content of 40% with 
variations of fiber and cement content 
2.5.3. The Relationship Between Failure Strength And Parameters Affecting On Strength 
Characteristics 
In this part, the relationship between the failure strength ratio ( σf,c/σc ) and terms of three 
parameters (the water content (W%), the cement content (C%), and the fiber content (F%)) is 
considered. Where, σf,c  and σc  are the failure strength with fiber inclusion and without fiber 
inclusion at the same mixing conditions, respectively.  
Fig. 2. 16 shows the relationship between (σf,c/σc) and C/F and the fitted curve for σf,c/σc ratio as 
a function of C/F ratio. It can be observed that C/F ratio had a significant effect on σf,c/σc ratio. A 
quite good correlation as “Eq. (2. 3)” with a correlation coefficient of 0.74 can be seen in Fig. 2. 
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Fig. 2. 16 Correlation of 𝜎𝑓,𝑐/𝜎𝑐 and C/F 
 
Fig. 2. 17 Correlation of σf,c/σc and W(C/F)
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Fig. 2. 19  Correlation of 𝜎𝑓,𝑐 and C 
 
Fig. 2. 20 Correlation of  𝜎f,c and C/W 
Fig. 2. 17 shows the experimental data and fitted curve for  σf,c/σc ratio as a function of W(C/F) 
0.5 
ratio. As a result, a better function as “Eq. (2. 4)” following the term of W(C/F) 0.5 for describing 
failure strength ratio was found with a correlation coefficient of 0.78. 
Consoli et al. [33] found some parameters such as cement content, porosity, etc. affecting 
noticeably on failure strength of cemented soil reinforced with synthetic fiber. However, the 
amount of fiber content was fixed at 3%. Therefore, it is quite difficult to determine the effect of 
fiber inclusion. In addition, there is no research on the parameters as water, cement, and fiber 
content controlling the failure strength of cemented soil reinforced with natural fibers. Therefore, 
this section also evaluates the relationship between failure strength and parameters such as water, 




















































                                                  (2. 7) 
The present work considers the correlation of failure strength with fiber inclusion (σf,c) and 
parameters as  W, C, F,  C/W, C/F, and  F/W.   It was confirmed through analysis that there was 
no correlation between σf,c ratio and parameters of  𝑊, 𝐹, C/F, and F/W. A presentative case for 
no correlation was between σf,c and 𝐹 as shown in Fig. 2. 18. Meanwhile, Fig. 2. 19 and Fig. 2. 20 
show the experimental data and fitted curve for σf,c as a function of C and C/W, respectively. It is 
clearly observed that there was a weak relationship of σf,c  and C following “Eq. (2. 5)” with 
correlation coefficient of 0.59. A strong association with a coefficient value of 0.762 is σf,c and 
C/W as “Eq. (2. 6)”.  
Besides, an equation following three variables including W, C, and F for using in the pre-feasibility 
study of real construction works such as predicting the failure strength of modified soil should be 
proposed. As can be seen in Fig. 2. 21, a quite good equation “Eq. (2. 7)” with a correlation 
coefficient of 0.764 is proposed for predicting failure strength of cemented sludge reinforced with 
cornsilk fiber.    
 
 



















A series of experiments was carried out to investigate the effect of cornsilk fiber on cemented 
sludge stabilization. The effect of fiber addition with variations of water, cement, and water content 
on unconfined compressive strength, splitting tensile strength, stiffness, and ductility was 
evaluated. In addition, the effect of parameters such as  W, C, F, C/W, C/F, and  F/W, etc. on (σf,c) 
and σf,c/σc ratio was examined. According to experimental results in the present work, it can be 
concluded as follows. 
The addition of fiber in cemented sludge caused the increase of failure strength in general. The 
most efficient increases in failure strength for W40 with C5-C20, W50 with C30-C40, and W60 
with C30-C40 were 190.6%, 43.8%, and 85.9%, respectively. For tensile strength, the most 
effective influence of fiber inclusion in increasing tensile strength is 327.8% respected to 
W60C50F20. Fiber inclusion caused the change of cemented sludge behavior from brittle to 
ductile. The failure strength and ductile behavior increased with increasing the amount of fiber. 
The effect of fiber addition on stiffness property was based on the amount of cement. When a large 
amount of cement used, fiber inclusion caused a decrease of stiffness. Meanwhile, stiffness 
increased by using a small amount of cement.  
The failure strength of cement stabilized sludge reinforced with cornsilk fiber had a weak and 
strong correlation with the term of C and C/W, respectively. The failure strength ratio with and 
without fiber inclusion could be significantly described as functions following C/F ratio and the 
term of W(C/F)0.5. In addition, the equation described as a function of the term of (C/W)*F 0.02 can 
be used for predicting failure strength of modified sludge. 
These conclusions mean that it is possible for using cornsilk fiber in cemented sludge 
reinforcement to improve mechanical properties. It is significant for points of view on engineering, 
economic, and environment. Furthermore, the number of research works studied on natural fiber 
is limited. Therefore, cornsilk fiber should be considered to study and use for modifying soft soil 















EFFECT OF WASTE CORNSILK 
FIBER REINFORCEMENT ON 









Chapter 3. Effect of Waste Cornsilk Fiber Reinforcement on 
Mechanical Properties of Soft Soil 
3.1. Introduction 
Nowadays, good land resources are not enough to adapt to the growth rate in infrastructure, so 
many construction works have to build in soft soil areas. To conduct a construction project on 
weak soil area, a common solution to improve that area is the removal and replacement of soft soil, 
but the construction cost of this solution is very high. Currently, a good solution to deal with these 
problems is soil stabilization. There are three groups in soil stabilization, that is chemical 
stabilization [34–36], mechanical stabilization [12,37,38], and chemical-mechanical stabilization 
[7,10,14,15,18,30,33,39,40]. In these three groups, soil reinforced with synthetic or natural fibers 
is classified as mechanical stabilization group, this is a developed technique for enhancing strength 
behavior of soil [6,23,32,41–43]. This technique has four main advantages composed of simply 
mixing, limiting potential planes of weakness, only changing physical properties, and no impact 
on the environment compared with conventional geosynthetics [19].  
In fiber reinforced soil, the kind of fiber plays a significant role in soil stabilization properties 
because the different fiber types lead to the differences in physical properties of fibers (e.g. length, 
diameter, surface, water absorption) which affect mechanical properties of fiber reinforced soil. 
According to original properties, fibers are divided into two groups including synthetic fibers and 
natural fibers. Many researchers have recently studied the synthetic fibers in soil reinforcement  
such as polypropylene, cotton, nylon, etc. [1,3,44,45] due to its uniformity and reproducibility. 
Nevertheless, from the viewpoint of the environment, waste natural fibers should be widely 
utilized due to its renewal and sustainability. In addition, the surface of the synthetic fibers is 
smooth; it results in weak bonding surface in soil stabilization. In contrast, natural fibers have the 
rough surface, which produces better bonding strength of fiber and soil particles in the fiber-soil 
matrix. Some kinds of natural fibers have been demonstrated that they showed good performance 
in soil stabilization such as jute, coir, straw, etc. [5,46,47]. Recently, Tran et al.,[48] proposed to 
use new waste natural fiber in cemented sludge stabilization. Their research focused on the effect 
of cornsilk fiber on compressive strength, stiffness, and ductility of cemented sludge. The results 
showed that the addition of cornsilk fiber in cemented sludge resulted in the increase in 
compressive strength and ductility. Besides, the results also indicated that the increase or decrease 
of stiffness is based on the amount of cement used. However, there is no report on the effect of 
cornsilk fiber only in soil for improving mechanical properties such as compressive strength, 
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tensile strength, tensile toughness, etc. For this reason, the effect of cornsilk fibers in soil 
stabilization should be concerned. 
The aims of this study are to examine the effect of cornsilk fibers with variations of fiber length 
and fiber content on mechanical properties of reinforced soil including the optimum water content, 
the maximum dry unit weight, the unconfined compressive strength, the splitting tensile strength, 
the ductility, the stiffness, and the toughness. 
3.2. Materials 
3.2.1. Soil 
A large amount of soil is necessary to conduct systematic experiments, so the imitation soil is 
used in this study. The soil used in this chapter is same as chapter 2. 
3.2.2. Fiber 
Raw cornsilk fibers were provided by Thanh Binh Company Vietnam. To prepare fiber material 
for making specimens, at first, raw cornsilk fibers were washed with tap water. After that, cornsilk 
fibers in bundle form were cut into three different lengths at 10 mm, 30 mm, and 50 mm, 
approximately. Finally, cornsilk fibers were dried in oven machine at 40 degrees Celsius for 24 
hours. The diameter, water absorption, and tensile strength of cornsilk fibers are approximately 









a)            b)  
c)            d)  
Fig. 3. 1 Cornsilk fibers used in this investigation: (a) 10 mm long; (b) 30 mm long; (c) 50 mm 
long; (d) micrograph of cornsilk with 200X. 
Although the bundles of fibers were cut into three different fiber lengths, it is very difficult to 
control the length of every single fiber after cutting. Therefore, 500 fiber samples of each chopped 
length (10 mm, 30 mm, and 50 mm) were randomly selected to measure the fiber length. The 
frequency of fiber length and average lengths with respect to the chopped lengths are shown in  



































































Fig. 3. 3 The average lengths corresponding to chopped lengths. 
3.3. Specimen Preparation  
26 mixtures were prepared according to the mixing conditions as shown in Table 3. 1. Mixing 
conditions for the tests for both compression test and splitting tension test. The specimens were 
made at optimum water content and maximum dry density with respect to each mixing condition. 
The procedure to make specimens for testing was as follows. At first, the soil was mixed with 
fibers by hand to get the homogeneous mixtures. Then, water was added and mixed again by the 
mixing machine to get the uniform mixtures. Finally, specimens were made by compacting the 
fiber-soil mixtures at four layers in the mold of 100 mm in height and 50 mm in inner diameter. 
These specimens will be immediately subjected to the compression and tension tests. For each 












































Table 3. 1 Mixing conditions for the tests 
Mixture No. Fiber content 





1 0 0 0 
2 0.5 7.1 10 
3 1 14.2 10 
4 1.5 21.5 10 
5 2 28.1 10 
6 0.5 7 30 
7 1 14.1 30 
8 1.5 21.3 30 
9 2 28 30 
10 0.5 7 50 
11 1 14.1 50 
12 1.5 21.2 50 
13 2 27.8 50 
3.4. Testing program 
Compaction test was conducted according to ASTM D 698 [49] with the mold and the rammer. 
The mold has 127 mm in height and 100 mm in inside diameter and the rammer has the weight of 
2.5 kg and the falling height of 300 mm. Distilled water was used in this test. 
Unconfined compression test (UCT) was carried out according to ASTM D 2166 [27]. The 
compression machine with a maximum load of 2 kN and an axial displacement rate of 1 mm/min 
was used for this test. the maximum strain value was limited to 15% following ASTM D 2166 
[27].  
Splitting tension test was conducted by using the compression machine and an additional part. The 
additional part is a pair of loading strips. The loading strips are 5 mm thick, 120 mm long and 10 
mm wide. The specimen installed in the modified test machine is shown in Fig. 3. 4. The tensile 
strength is determined by Eq. ( 3. 1). 
t




  is the tensile strength, P is the compressive force, D is the specimen diameter, and L is 
the specimen length. 
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a)        b)  
Fig. 3. 4  Modified UCT machine using for splitting tension test. a) before testing; b) after testing 
3.5. Results and Discussion 
3.5.1. Compaction behavior 
The mechanical properties including optimum water content (OWC) and maximum dry unit 
weight (γd) were investigated based on the compaction test. The optimum water content is the 
water content at which soil mixture can be compacted to maximum dry density.The influence of 
fiber content with different fiber lengths on OWC and γd were shown in Fig. 3. 5 and Fig. 3. 6. It 
can be observed that the addition of fibers with the fiber content increasing from 0.5 to 1.5% 
resulted in the increase of γd and the decrease of OWC. This may happen due to the reduction of 
the voids in the fiber-soil matrix. Further increasing the fiber content (2%), OWC and γd increased 
and decreased, respectively. A reasonable explanation for the decrease of γd was that fibers 
presenting in the matrix stuck together to the form lumps which caused pockets of low density in 
the matrix [6]. Besides, the presence of water in the form lumps and the effect of water absorption 
of fibers make a contribution to increase OWC. In addition, the effect of fiber length on γd and 
OWC can be also seen in Fig. 3. 5 and Fig. 3. 6, as fiber length increased, γd and OWC declined 
and increased, respectively. It was attributed that the longer fibers were, the easier fibers stuck 




Fig. 3. 5 The effect of fiber content on OWC 
 
Fig. 3. 6 The effect of fiber content on γd 
3.5.2. Compressive strength behavior 
Fig. 3. 7 showed the representative stress-strain curves of all mixtures from compression test. It 
can be clearly observed that the stress-strain curves of specimens without fiber inclusion showed 
the peak stress point before limited strain value of 15%. On the other hand, for specimens with 
fiber inclusion, the stress-strain curves were still increasing after obtaining the limited strain and 
the stress value at limited strain was higher the peak stress of unreinforced specimens. It meant 
that the addition of fibers enhanced compressive stress as well as strain. This result was consistent 
with the pronouncement in previous studies using different kinds of fiber [16,17,19,32,50]. From 
the stress-strain curve results, It can be pronounced that specimens with fiber inclusion were more 
ductile than that without fiber inclusion because Estabragh et al., (2012) mentioned that ductility 
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of compressive strength and strain was properly attributed to the appearance of interlocking force 
constituted by a spatial three-dimensional network of distributed fibers in soil matrix as can be 
seen in Fig. 3. 8a. The interlocking force can improve the coherent and prevent the displacement 
of the fiber-soil matrix (Tang et al., (2007)). Another reason for the strength enhancement was that 
many soil particles attached to fibers as can be observed in Fig. 3. 8b properly result in better 
adhesion of fiber soil matrix. Therefore, the addition of cornsilk fibers in soil contributed to the 


























Fig. 3. 7  Stress-strain curve with variations of fiber content (F) and fiber length (L). a) 10 mm; 




















































































a)   b)  
Fig. 3. 8 The interaction between fibers and soil matrix. a) network of fibers in soil matrix; b) 
soil particles attached on fiber. 
Fig. 3. 9 illustrates the relationship between maximum compressive strength (the maximum stress 
point of the stress-strain curve in Fig. 3. 7 and fiber content (F) at different fiber lengths (L). It is 
indicated that maximum strength remarkably increased with increasing fiber content from 0.5 to 
1%. However, further increasing fiber content from 1% to 2%, maximum strength either decreased 
or insignificantly increased. A suitable explanation for the decrease or insignificant increase of 
compressive strength as increasing the fiber content from 1% to 2% was attributed that the increase 
of the relative volume of fibers in soil matrix caused the domination of fiber-fiber interactions 
comparing to fiber-soil or soil-soil interactions [51], hence the adhesion of fiber soil matrix 
declined. As can be seen in Fig. 3. 9, the maximum compressive strength of fibers reinforced soil 
with the fiber length of 10 mm and 30 mm was almost parallel at each fiber content. Reinforced 
soil with the fiber length of 50 mm gave the worst result in increasing the maximum compressive 
strength compared to that of 10 mm and 30 mm. This may happen due to the longer fiber presented 
in soil matrix, the easier fibers twisted together (see Fig. 3. 10), which contributed the increase of 




Fig. 3. 9 The effect of fiber contents on maximum compressive strength 
 
Fig. 3. 10 Fibers twisted in form lumps of fiber-soil matrix 
3.5.3. Splitting tensile strength behavior 
The results of splitting tensile stress versus strain of 13 mixtures are shown in Fig. 3. 11. It is 
indicated that the stress and strain of soil reinforced with fibers was higher than that of soil without 
fiber inclusion. This was in agreement with the results derived from unconfined compression test 
above. Li et al., (2014) mentioned that the fibers can share some tensile load in soil matrix because 
the movement of fibers in soil matrix is prevented by interactions between fibers and soil matrix. 
In addition, as can be seen in Fig. 3. 1d, the surface of fiber was rough; this can improve the 
interaction between fibers and soil particles. Therefore, the addition of cornsilk fibers increased 
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Fig. 3. 11 Stress-strain curve with variations of fiber content and fiber length. a) 10 mm; b) 30 


























































































To quantify the effects of fiber contents and fiber lengths on the tensile strength of reinforced soil, 
the failure splitting tensile strength (the peak stress point in the stress-strain curve) was determined. 
Fig. 3. 12 shows the correlation between failure splitting tensile strength (FSTS) and fiber content 
at different fiber lengths. It could be pronounced that FSTS remarkably increased with increasing 
fiber content and fiber length. In which, soil stabilization with the fiber content of 2% and the fiber 
length of 50 mm gave the highest enhancement of FSTS (210.5%) compared to unreinforced soil. 
The enhancement of tensile strength with respect to the increase of fiber content from 0.5% to 2% 
and fiber length from 10 mm to 50 mm was due to the increase of the probability of fibers presented 
in the weakness plane of fiber soil matrix (see Fig. 3. 13).  
 
Fig. 3. 12 The effect of fiber contents on failure splitting tensile strength. 
`  
Fig. 3. 13 The effect of fiber inclusion on tensile failure characteristics 
3.5.4. Stiffness 
To evaluate the stiffness behavior of unreinforced and reinforced soil, secant modulus at the strain 
of 2% from both compression test and tension test for all mixtures was determined. Secant modulus 
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3. 14 shows that the stiffness of specimens with fiber inclusion was considerably higher than that 
without fiber inclusion. The stiffness of modified soil was significantly improved with increasing 
fiber content from 0.5% to 1.5%. As mentioned above, soil particles are restricted by displacement 
due to fibers interlocking soil particles; this may constitute to the improvement on stiffness 
property. Further increasing fiber content brought about the decrease or the inconsiderable increase 
in stiffness property. This result properly happened because fibers was a flexible material, the 
domination of fiber volume in soil matrix happened when a large amount of fiber was added to 
soil matrix. Consequently, the fiber-soil matrix was more flexible. In other word, the stiffness of 
fiber-soil matrix decreased. 
 
Fig. 3. 14 The effect of fiber contents on secant modulus with different fiber lengths. 
3.5.5. Toughness 
The tensile toughness is an important parameter to evaluate the effect of cornsilk fibers in soil 
stabilization. The parameter indicates the energy absorption ability until material reaching the 
point of failure. Tensile toughness can be investigated according to the energy absorption capacity 
(EAC) parameter, which can be determined by integrating the area under the stress-strain curve. 
In this study, energy absorption capacity at failure tensile strength of all mixtures would be 
calculated to examine the effects of fiber content and fiber length on tensile toughness property. 
As can be seen in Fig. 3. 16, the energy absorption capacity increased with increasing fiber length 
and fiber content. The increased range of energy absorption capacity is from 42.7 to 796%. In 























Fiber Length = 10mm (tension test) Fiber Length = 30mm (tension test)
Fiber Length = 50mm (tension test) Fiber length = 10mm (compression test)
Fiber Length = 30mm (compression test) Fiber Length = 50mm (compression test)
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length of 50 mm. These results indicated that the longer fiber length or the more fiber content was, 
the more energy required to cause deformation in the modified soil matrix. The development of 
toughness was due to the improvement of stress and strain of reinforced soil.  
 
Fig. 3. 15  The effect of fiber contents on energy absorption capacity at different fiber lengths. 
3.5.6. Application feasibility in geotechnical engineering 
Hejazi et al.,[52] conducted a review study on using fiber material reinforced soil based on many 
previous research and applications. The study reported that the application of natural or synthetic 
fibers in geotechnical engineering is feasible in six fields consisted of slope protection, railway 
embankment, retaining wall, earthquake and soil-foundation engineering, road construction, and 
retaining wall due to the beneficial of using fibers in geotechnical engineering. Hence, if cornsilk 
fiber shows good performance in soil reinforcement, it will be possible to apply cornsilk fiber 
reinforced soil in geotechnical engineering. As a result, in order to understand the behavior of 
cornsilk fiber reinforced soil, the present study focusses on  investigating the effect of cornsilk 
fiber, which is a quite new natural fiber material in the field of geotechnical material compared to 
other fiber materials such as coir, sisal, jute, palm, etc., on mechanical properties of soft soil. The 
experimental results show that the addition of cornsilk fibers improves the strength properties of 
reinforced soil, which is beneficial for construction structures. Besides, the toughness of soil, 
which is advantageous property for anti-earthquake structures, is improved with cornsilk fiber 
inclusion. Furthermore, cornsilk fiber is a waste, available, renewable, and eco-friendly material. 
It can therefore be concluded that cornsilk fiber can be considered as the promising material for 
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The mechanical properties of soil reinforced with cornsilk fibers were investigated by conducting 
a series of experiments including compaction test, unconfined compression test, and splitting 
tension test. The following conclusions derived from experimental results can be drawn: 
 The length and content of fibers in soil matrix have a significant effect on γd and OWC. 
Fiber content rising from 0% to 1.5% produces the increase in γd and decrease in OWC. 
Further increasing fiber content, the γd reduces and the OWC increases. Additionally, the 
increase of fiber length brings about the reduction of γd and the enlargement of OWC.  
 The addition of fibers results in the improvement in compressive strength. The most 
increase in maximum compressive strength is 38%. The optimum fiber content in the 
present work is 1%. Compressive strength is significantly affected by fiber length. The 
most effective fiber lengths on compressive strength are 10 mm and 30 mm. 
 In terms of splitting tensile strength, the highest enhancement in failure splitting tensile 
strength is 210.5% with respect to the fiber content of 2% and fiber length 50 mm. 
 The improvement in stiffness property of soil reinforced with cornsilk fiber is confirmed. 
Typically, for compression test, the fiber inclusion for the whole range of fiber content and 
fiber length notably improves secant stiffness, the most effective influence in increasing 
secant modulus at strain of 2% is 57.1%. For splitting tension test, the positive effect of 
fiber inclusion on secant modulus at strain of 2% is 104.9%. 
 Toughness is remarkably affected by the length and fiber content parameter. The most 
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Chapter 4. Improvement of Mechanical Behavior of Cemented Soil 
Reinforced with Waste Cornsilk Fibers 
4.1. Introduction 
The building materials (steel, concrete, burnt brick, etc.) are considered as embodied carbon of 
construction materials because their manufacturing processes cause the release of pollutants 
(carbon dioxide, carbon monoxide, particulate matter, etc.) into the atmosphere [17,53]. Currently, 
the use of earth as a construction or building material to produce rammed earth, adobe block, or 
adobe brick has been paid more attention due to its cost-effectiveness and negligible effects on 
natural environment [50,54]. In addition, [55,56] mentioned that the population of the world still 
living in the earthen structure is about 30%. As a result, earth is still a necessary and sustainable 
building construction material. However, an earthen material such as adobe has low mechanical 
properties [50,57] (compressive strength, tensile strength, durability, etc.) as compared to modern 
construction materials (concrete, steel, etc.). To improve the mechanical properties of the earthen 
material, researchers have proposed to use many kinds of stabilizer such as cement, lime, etc. [58–
62]. In these stabilizers, cement is widely used to improve soil’s strength properties [34,63–66]. 
However, cement is one of many reasons causing the CO2 emissions mentioned in [67]. As a result, 
cemented soil reinforced with fibers has received more attention. The addition of fibers in 
cemented soil makes contribution to not only the improvement in mechanical properties 
[33,50,67–69] but also the reduction in the amount of used cement leading to the decrease of CO2 
emissions. In this method, although many kinds of fiber including natural and synthetic fibers [70–
73] have been used in earth stabilization; from the viewpoints of sustainable development and 
cost-effectiveness, natural fibers should be used in earth stabilization. Cornsilk, an abundant fiber 
material, is a by-product from corn which is the third most cultivated crop in the world and is 
cultivated in many countries over the world such as South America, India, China, etc. [24]. In 
addition, there are limited studies on the influences of cornsilk on earth stabilization, typically the 
effects of fiber content or curing time on mechanical properties of fiber-cement stabilized earth. 
Therefore, the earth stabilization by cornsilk fibers and cement should be concerned. 
The study aims to investigate the effects of waste cornsilk fibers on mechanical properties such as 
dry unit weight, optimum water content, compressive strength, splitting tensile strength of 
cemented soil with variations of fiber content, cement content, and curing time. To understand the 
mechanical properties of cemented soil reinforced by cornsilk fibers, the compaction, compression, 
and splitting tension tests were performed. From the experimental data, the relationship between 
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compressive strength and tensile strength is also established. In addition, the paper also proposes 
some models for predicting compressive and tensile strength as a function of curing time, fiber 
content, and cement content based on multiple regression analysis. 
4.2. Materials and methods 
4.2.1. Materials 
The soil material used for the experiments consists of 8% clay (< 5µm), 84% silt (5µm - 75µm), 
and 8% sand (75µm - 2000µm) in accordance with ASTM D422. This kind of soil is similar to the 
soil of previous chapters. 
Stabilization materials used in this study include cement and cornsilk fibers. The used cement was 
GEOSET 200 provided by Taiheiyo Cement Corporation, Japan.  
Fiber material was made of raw cornsilk fibers which were provided by Thanh Binh Company. At 
first, raw cornsilk fibers were washed and cut into a segment of 10 mm approximately. After that, 
they were dried in the drying machine at 40 Celsius degree for 2 days to obtain fiber material (see 
Fig. 4. 1). The average diameter, water absorption, specific gravity, and tensile strength of cornsilk 
fibers are approximately 0.3 mm, 4 cc/g, 0.94 and 8.3 MPa, respectively.  
 
Fig. 4. 1 Photograph of cornsilk fibers 
4.2.2. Sample preparation 
To investigate the effects of cornsilk fibers on strength properties of cemented soil, a wide range 
of cement content (4%, 8%, and 12% by weight of dry soil) and fiber content (0%, 0.25%, 0.5%, 
and 1% by weight of dry soil) was considered in the present work. Therefore, Table 4. 1 shows 12 
mixing conditions in the investigation. For each mixing condition, the mixture was prepared 
according to the optimum water content and compacted until obtaining maximum dry unit weight. 
In the beginning, the soil was mixed with cement and fibers by hand to get the homogeneous 
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mixtures. Then, water was added and mixed again by the mixing machine to obtain the uniform 
mixtures. Finally, the specimens were made by compacting the fiber-cement-soil mixture into 4 
layers in the standard mold with 50 mm in inside diameter and 100 mm in height. After compacting 
process, samples were wrapped by the plastic firm and cured in the chamber of 20 degree Celsius 
at different ages (7 days, 14 days, and 28 days) before subjecting to compression and splitting 
tension tests. In this investigation, three samples were made for each mixture to control the 
accuracy of the result. 













1 4 56.9 0 0 
2 4 56.7 0.25 3.5 
3 4 55.7 0.5 7 
4 4 55.4 1 13.8 
5 8 114 0 0 
6 8 113.8 0.25 3.5 
7 8 113 0.5 7.1 
8 8 111.7 1 14 
9 12 170.4 0 0 
10 12 169.9 0.25 3.5 
11 12 167.3 0.5 7 
12 12 166.8 1 13.9 
C= cement content                                  F= fiber content 
4.2.3. Testing apparatus and procedure 
Compaction test was conducted according to ASTM D 698 [49]. The fiber-cement-soil mixture 
was compacted by rammer having the weight of 2.5 kg and the falling height of 300 mm in the 
mold having 127 mm in height and 100 mm in inside diameter. The optimum water content and 
dry unit weight corresponding to each mixing condition were determined from this test. 
The procedures of unconfined compression and splitting tension tests were carried out according 
to ASTM D 1633 [26] and ASTM C496 [28], respectively. The Shimazu compression machine 
with a maximum load sensor of 50 kN and an axial displacement rate of 0.15 mm/min was used 
for both these tests as Fig. 4. 2. Before subjecting the specimens into these tests, the bearing surface 
of cylindrical specimens with 100 mm in height and 50 mm in diameter was polished to achieve 




a)        b)  
Fig. 4. 2 Shimazu machine using for tests. a) Compression test and b) Splitting tension test 
4.3. Regression models and sensitive analysis 
To propose the models for predicting compressive and splitting tensile strength of fiber-cement 
stabilized soil, the regression analysis was considered in the investigation. This method is a general 
technique and has been used for investigating the relationship or establishing the model of effective 
variables on some problems such as seepage velocity and piping resistance in [74,75], compressive 
and tensile strength in [76], or shear strength in [77]. The form of regression model as shown in 
Eq. (4. 1) was considered in the present work.  
2 2 2
0 1 1 2 2 3 3 4 1 5 2 6 2 7 1 2 8 1 3 9 2 3
y k k x k x k x k x k x k x k x x k x x k x x                       (4. 1) 
Where y is dependent variables or output variables (compressive strength (σc) and splitting tensile 
strength (σt)); x1, x2, and x3 are the independent variables or input variables with respect to curing 
time (D), cement content (C), and fiber content (F); and k0 to k9 are the regression coefficients. 
The regression coefficients were determined by writing the independent variables and the 
dependent variable into matrix form and solving this matrix. The competence of developed models 
was examined according to the coefficient of determination R2 and P-values of each variable in 
the developed models. In which, R2 indicates the relationship between observed data and predicted 
data and the P-values of coefficients (k1-k9) associated with each variable in Eq. (4. 1) should be 
less than 0.05 to provide strong evidence against the null hypothesis (k1= k2  =…= k9 = 0). After 
the regression models were developed, these models were used to evaluate the effective degree or 
sensitivity of independent variables following [78]. The sensitivity was determined according to 


































f are the maximum and minimum of predicted output over the ith input domain, 
respectively; while the other input variables are equal to their mean values; n is the number of 
input variables; Si is the effective degree of i
th variable. 
4.4. Results and discussion 
4.4.1. Compaction behavior 
Fig. 4. 3 shows the relationships between dry unit weight (γd) and water content for unreinforced 
soil and reinforced soil with different fiber contents (0%, 0.25%, 0.5%, and 1%) at each particular 
percentage of cement (4%, 8%, and 12%). As can be obviously seen from Fig. 4. 3a, when fiber 
content increases from 0% to 1% and cement content is 4%, the maximum dry unit weight (γdmax) 
and optimum water content (OWC) decreases and increases, respectively. When different cement 
contents as 8% and 12% are used (Fig. 4. 3b and c), the effect of cornsilk fibers on γdmax and OWC 
is the same with the use of 4% cement. It can therefore be concluded that the addition of cornsilk 
fibers causes a decrease in γdmax. Additionally, γdmax decreases with the increase of fiber content. 
A reasonable explanation for the increase γdmax with the addition of fiber as well as the increase of 
fiber content is due to the reduction of the density of solid in fiber-cement-soil matrix resulting 
from the lower specific gravity of cornsilk fibers (0.94) compared to that of cement (3.01) and soil 
(2.47). On the other hand, OWC increases with the inclusion of fiber as well as the increase of 






Fig. 4. 3 Compaction properties of soil reinforced with variations of fiber and cement content; a) 


























































































4.4.2. Compressive strength 
The compressive strength of unreinforced soil in the present work is 61 kPa. Comparing the 
compressive strength of soil reinforced by cement and fibers (see Fig. 4. 4) with that of 
unreinforced soil (61 kPa), it is clear to see that the addition of cement and fiber improves the 
compressive strength of soil. The effects of cornsilk fibers with varying contents (0.25%, 0.5%, 
and 1%) on the compressive strength of cemented soil (soil reinforced with 4%, 8%, and 12% 
cement) at three different ages (7 days, 14 days, and 28 days) are shown in Fig. 4. 4. The inclusion 
of cornsilk fibers increases the compressive strength of cemented soil in general. The improved 
ranges of compressive strength of fiber-cement stabilized soil compared to that of cemented soil 
are 19% - 177%, 19% - 91%, and 4% - 92% with respect to the curing time of 7 days, 14 days, and 
28 days. The compressive strength increases with the increase of fiber content from 0% to 0.5%; 
however, further increasing fiber content from 0.5% to 1%, the compressive strength declines in 
general. Hence, the most effective range of fiber content on compressive strength of cemented soil 
is 0.25% - 0.5%. The improvement of compressive strength of samples with fiber inclusion from 
0.25% to 0.5% (fiber-cement stabilized soil) compared to that of samples without fiber inclusion 
(cemented soil) is due to the appearance of interlocking force and the increase of bonding strength 
and friction between fibers and cemented soil matrix [32]. Another explanation for this 
improvement in compressive strength is attributed to the better adhesion of soil matrix and fibers 
reported in [50,55,72]. While a reasonable explanation for the reduction of compressive strength 
when using fiber content from 0.5% to 1% is probably due to the reduction of a number of 
hydration reaction products in soil matrix caused by the domination of fibers in the cement-soil 
matrix. 
Cement content and curing time also play an important role in the effect of cornsilk fibers on 
compressive strength of cemented soil. When the cement content and curing time increase, the 
effect of cornsilk fibers on the improvement of compressive strength decreases in general. 
Typically, as comparing to compressive strength of specimens without fiber inclusion, the increase 
percentages of compressive strength of specimens with 0.25% fiber at age of 7 days, 14 days, and 
28 days are 177%, 80%, and 54% for cement of 4%; 103%, 19%, and 9% for cement of 8%; and 
43%, 39%, and 47% for cement of 12%. This could be explained that at low cement content or 
early age, the hydration reaction products are low in quality as well as quantity so the fibers in 
cement-soil matrix play an important role in the increase of compressive strength. On the other 
hand, with the increase of cement content or curing time, the number and quality of hydration 
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reaction products increase. As a result, the effect of fibers on improving compressive strength 
decreases. 
 
Fig. 4. 4 Effect of fiber content (F) on compressive strength at variations of cement content (C) 
and curing age (D) 
4.4.3. Splitting tensile strength 
Fig. 4. 5 illustrates the relationship between fiber content (0%, 0.25%, 0.5%, and 1%) and splitting 
tensile strength with variations of cement content (4%, 8%, and 12%) and curing times (7 days, 14 
days, and 28 days). The results show that fiber inclusion makes a contribution to the enhancement 
of the splitting tensile strength of cemented soil. Splitting tensile strength increases with the 
increase of fiber content from 0% to 0.25%. Further increasing fiber content from 0.25% to 1% 
results in the reduction or slightly increase of tensile strength. Therefore, the optimum fiber content 
to use in cemented stabilization is 0.25%. This is quite similar to the result of compressive strength. 
The increasing percentage range in splitting tensile strength of specimen with 0.25% fiber (fiber-
cement stabilized soil) comparing to specimen without fiber inclusion (cemented soil) at different 
curing ages and cement contents is 8% - 88%. A reason for the improvement of tensile strength of 
specimens with fiber inclusion compared to specimens without fiber inclusion is attributed to that 





































Fig. 4. 5 Effect of fiber content (F) on splitting tensile strength at variations of cement content 
(C) and curing time (D); a) 7 days, b) 14days, and c) 28 days. 
4.4.4. Correlation between compressive strength and splitting tensile strength 
The correlation between splitting tensile strength and compressive strength based on the 
experimental data for both fiber-cement stabilized soil and cemented soil with variations of fiber 
content, cement content, and curing time is given in Fig. 4. 6. As can be obviously seen in this 
figure, strong linear relationships with coefficients of correlation (R) of 0.97 and 0.98 are presented 
for cemented soil and fiber-cement stabilized soil, respectively. The relationship coefficients of 
splitting tensile strength to compressive strength are 0.162 for cemented soil and 0.145 for fiber-
cement stabilized soil. These values are quite similar to the values (0.09-0.15 for cemented soil 
and 0.14 for fiber-cement stabilized soil) mentioned in the study of Xiao al at. [68]. In addition, 
since these values are almost the same, a common value to describe the relation of tensile strength 
to compressive strength for both cemented soil and fiber-cement stabilized soil is suggested as in 
Eq. (4. 4) with the high correlation coefficient of 0.98. 
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Fig. 4. 6 Correlation between compressive strength and tensile strength 
4.4.5. The regression models for predicting compressive and splitting tensile strength and the 
sensitivity of parameters. 
Based on 103 experimental data points for compressive strength and 107 experimental data points 
for splitting tensile strength, the multiple nonlinear regression models (MNLR) for compressive 
and splitting tensile strength are obtained as Eqs. (4. 5) and (4. 6), respectively.  
c
2 2 2
3.0036 0.1366 0.6765 5.0208
0.004 0.0181 4.3118 0.0126
0.0147 0.0035
    
   
 
D C F
D C F DC
DF CF

                              (4. 5)          
t
2 2 2
0.72 0.0431 0.1490 0.6887
0.0011 0.0058 0.5091
0.0018 0.0032 0.007







                                          (4. 6) 
c
2 2 2
3.0036 0.1366 0.6765 5.0208
0.004 0.0181 4.3118 0.0126
    
   
D C F
D C F DC

                              (4. 7) 
t
2 2 2
0.72 0.0431 0.1490 0.6887
0.0011 0.0058 0.5091 0.0018
    
   
D C F
D C F DC

                            (4. 8) 
Although the R2 values of both models are very high (0.94 for Eq. (4. 5) and 0.95 for Eq. (4. 6)), 




































4. 2. Hence, the variables of DF and CF in Eqs. (4. 5) and (4. 6) were eliminated. The newly 
developed regression models for estimating the compressive and splitting tensile strength after 
eliminating some variables are shown as Eqs. (4. 7) and (4. 8), respectively.  
Fig. 4. 7 shows the relationship between experimental and estimated results for both compressive 
strength and tensile strength when using the newly developed models. The R2 values of models 
predicting compressive strength Eq. (4. 7) and splitting tensile strength Eq. (4. 8) are 0.94 and 0.95, 
respectively. These high values of R2 indicated the good relationship between experimental and 
predicted data. In addition, all P-values of coefficients associated with the variables in developed 
models are less than 0.05. As a result, the proposed models for predicting compressive strength 
and tensile strength are acceptable. 












D 4.4E-03 8.8E-10 5.3E-07 1.8E-09 
C 2.7E-07 2.0E-14 2.7E-03 3.0E-14 
F 1.3E-10 1.0E-10 1.8E-07 2.5E-12 
D2 1.3E-03 2.8E-10 1.5E-16 3.1E-10 
C2 1.3E-02 3.9E-08 1.2E-03 4.4E-08 
F2 8.1E-14 1.7E-11 1.3E-02 1.9E-11 
DC 5.8E-09 8.3E-10 5.6E-14 8.9E-10 
DF 3.8E-01 1.7E-01 - - 





Fig. 4. 7 Estimated data versus experimental data; a) Compressive strength b) Tensile strength 
Based on the proposed models, the sensitivity of parameters including C, F, and D on compressive 
strength and splitting tensile strength is determined as shown in Table 4. 3. As can be seen in this 
table, although fiber content is the least effective parameter compared to the others, it is still an 
important parameter affecting on strength properties of fiber-cement stabilized soil because the 
sensitivity values of F in compressive and tensile strength are 18.5% and 14.2%, respectively. The 
cement content is the most important parameter affecting the compressive and tensile strength of 
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Table 4. 3 Effective degree of input parameters 
Problems Equations 
Sensitivity (%) 
D C F 
Compressive strength Eq. (7) 25.6 55.9 18.5 
Splitting tensile strength Eq. (8) 29.2 56.6 14.2 
4.5. Conclusions 
The influences of cornsilk fibers on mechanical properties including maximum dry unit weight, 
optimum water content, compressive strength, and splitting tensile strength in cemented soil were 
investigated. From the experimental and analytical results, some conclusions can be drawn as 
follows: 
 The addition of fiber (0% to 1%) in cemented soil resulted in the decrease of maximum 
dry unit weight and the increase of optimum water content.  
 The compressive strength and tensile strength of cemented soil are improved with the 
addition of cornsilk fibers. The most improvements in compressive strength and splitting 
tensile are 177% and 88%, respectively. The optimum fiber contents of 0.25%-0.5% should 
be used to improve the compressive and splitting tensile strength of cemented soil 
reinforced by cornsilk fibers. At an early age and low cement content, the effect of fibers 
on the improvement of both compressive and tensile strength is more significant. 
 Splitting tensile strength could be described as a linear function of compressive strength 
with the relation coefficient of 0.148 for both cemented soil and fiber-cement stabilized 
soil. 
 From regression analysis, MNLR models with the high coefficient of determination are 
acceptable to use in predicting compressive and splitting tensile strength of cemented and 
fiber-cement stabilized soil. 
 The effective degree of the parameters including curing time, cement content, and fiber 
content on compressive and splitting tensile strength is investigated. Cement content is the 
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Chapter 5. Tensile Behaviors of Natural Fiber and Cement 
Reinforced Soil Subjected to Direct Tensile Test 
5.1. Introduction 
Tensile strength of soil, an important parameter, controls the tensile cracks which contribute to the 
failure of earthen structure. As a result, in recent years, many researchers focused on researching 
the tensile strength of soil due to its importance in earthen structures [19,79–84]. However, the 
tensile strength value of soil is considered as zero [19,82], so many methods including fiber 
reinforced soil, chemical stabilized soil, and chemical stabilized soil reinforced with fiber have 
been used for improving tensile strength as well as other properties (compressive strength, shear 
strength, cracking, etc.) [5,6,19,40,50,69,80,85–89]. In these methods, the fiber reinforced 
cemented soil method has been paid more attention due to some benefits such as limiting the 
potential weakness plane, improving mechanical properties, reducing the impact on environment 
when using natural fiber. The tensile strength of fiber-cemented soil is usually investigated by 
using splitting tension test. However, it is difficult to understand deeply the effect of fiber on 
tensile crack, stress-strain curve, energy absorption, etc. Recently, Tang et al. [79,80] had 
developed an apparatus for investigating the direct tensile behavior of compacted soil and fiber 
reinforced soil. This test has shown the advantages in observing some properties mentioned above. 
In addition, there is no research using this kind of apparatus on fiber reinforced cemented soil as 
well as cemented soil.  
As a result, the study focuses on investigating tensile behaviors of soil reinforced with cement and 
natural fiber including stress-strain curve, maximum tensile strength, energy absorption capacity, 
and crack patterns by conducting direct tension test. From the experimental results, the 
relationships of direct tensile strength versus indirect tensile strength and direct tensile strength 
versus unconfined compressive strength are given. The multiple nonlinear model for predicting 
the tensile strength of cemented soil with and without fiber inclusion following three basic 
parameters including cement content, fiber content, and curing time is established according to 
regression analysis. In addition, the sensitive analysis is also applied to the developed model to 






5.2. Materials and methods 
5.2.1. Materials 
According to ASTM D422 [90], the kind of soil in this study consists of 8% sand, 84% silt, and 
8% clay. This soil is same as the soil using in previous chapters. 
Fiber material used in this study is cornsilk (see Fig. 5. 1).  The cornsilk fiber is prepared as 
following Ref. [40]. At first, raw fiber was washed in tap water. Then, fiber in bundle form was 
cut into segments of 10 mm approximately. (3) Finally, the fiber can be used after drying in the 
oven machine at 40 oC until the fiber mass is constant. The average diameter, length, tensile 
strength, and specific gravity of used fiber are about 0.3 mm, 10 mm, 8.3 MPa, and 0.94, 
respectively. 
Stabilization material is cement named GEOSET 200 which is a type of pozzolanic cement.  
 
Fig. 5. 1 Fiber photograph 
5.2.2. Specimen preparation 
In the present work, in order to investigate the influence of fiber on direct tensile strength behaviors 
of cemented soil, 12 mixing conditions were considered as can be seen in Table 5. 3. The cement 
contents were used including 4%, 8%, and 12% dry mass of soil. In the case of fiber, the variations 
of fiber content were used consisting of 0%, 0.25%, 0.5%, and 1% dry mass of soil. For each 
mixing condition, three specimens were made to ensure the accuracy of results. The 8-shaped 
specimens with the dimensions of 80 mm long, 40 mm wide, 20 mm wide at the center of the 




The procedures for making specimens are performed as follows: Firstly, the soil, cement, and fiber 
were mixed together by hand in order to obtain the uniform mixture. Secondly, the tap water was 
added and then the mixture was mixed by the machine until getting the homogenous mixture with 
designed optimum water content. Thirdly, the fiber-cemented soil mixture was compacted in the 
8-shaped mold (Fig. 5. 2) to make specimens for direct tension test. The specimens were 
compacted until obtaining maximum dry unit weight according to Table 5. 3. Finally, samples 
were extruded from the compacted mold, covered by the plastic sheet, and then kept in the oven 
at 20 degree Celsius for 7, 14, and 28 days before subjected to tension test. 
 
Fig. 5. 2 Compacted mold 
Table 5. 1 Mixture designation 
No. F (%) C (%) OWC (%) γdmax
 (kN/m3) 
1 0 4 29.8 13.16 
2 0.25 4 30.0 13.10 
3 0.5 4 31.3 12.94 
4 1 4 31.7 12.86 
5 0 8 29.6 13.19 
6 0.25 8 29.8 13.15 
7 0.5 8 30.3 13.02 
8 1 8 31.1 12.86 
9 0 12 29.9 13.26 
10 0.25 12 30.1 13.18 
11 0.5 12 31.2 12.99 
12 1 12 31.4 12.87 
                         F= fiber content                                C= cement content              





5.2.3. Testing equipment and procedure 
Testing equipment consists of tensile mold and tensile machine as Fig. 5. 3. The axial displacement 
speed of the tensile machine was 0.5 mm/min. Firstly, the specimens were embedded into the 
tensile mold as Fig. 5. 3a. Then the tensile mold with specimen inside was subjected to testing 
machine (see Fig. 5. 3b). The maximum tensile strength is calculated following Eq. (5. 1).  
DTS
/P A                                                         (5.1) 
Where: 
DTS
  is the maximum direct tensile strength (kPa), P is the maximum tensile force (kN), A 













5.3. Experimental results and discussion 
5.3.1. Stress-strain curve 
Fig. 5. 4, Fig. 5. 5, and Fig. 5. 6 show the typical stress-strain curves of fiber-cemented soil and 
cemented soil at 7 days, 14 days, and 28 days, respectively. The addition of fiber improved the 
stress and strain of cemented soil in general. Besides, fiber inclusion resulted in changing the shape 
of the stress-strain curve (see Fig. 5. 4a and b). When the failure happened, the stress of specimens 
without fiber inclusion immediately dropped to zero. In contrast, stress-strain curves of specimens 
with fiber inclusion appeared a residual stress phrase after failure. This is consistent with the results 
reported in Refs [80,83]. A reason for appearing residual stress is due to the fiber served as bridges 
(see Fig. 5. 7) that bear the tensile load [19,80]. It was also easy to observe that the initial residual 
stress improved when fiber content increased (see Fig. 5. 4, Fig. 5. 5, and Fig. 5. 6). This 







Fig. 5. 4 Typical stress-strain curves of cemented soil reinforced with fiber at 7 days; a) C4%, b) 










































































Fig. 5. 5 Typical stress-strain curves of cemented soil reinforced with fiber at 14 days; a) C4%, 
















































































Fig. 5. 6 Typical stress-strain curves of cemented soil reinforced with fiber at 28 days; a) C4%, 


















































































Fig. 5. 7 Bridging effect of fiber reinforced cemented soil at failure plane 
The stress-strain curve of fiber-cemented soil was also affected by cement content and curing age 
as observed in these figures. The stress-strain curve shape of specimens with higher cement content 
and longer curing time were similar to that of specimens without fiber inclusion (see Fig. 5. 6c). It 
means that the influence of fiber on stress-strain curve shape is reduced. There are two main 
reasons for this reduction. The first one is the number and quality of cement products enhanced 
due to the increases of curing time and cement content leading to the dominant of cement products 
in soil matrix compared to fiber. As a result, the admixture of fiber reinforced cemented soil 
become brittle like cemented soil. The second one is that the tensile strength of used natural fiber 
itself is quite low, so fiber can not bear the tensile load after cracking. Therefore, the natural fibers 
with high tensile strength are recommended to use in fiber-cemented soil for improving the 
residual strength.  
5.3.2. Influence of cement content on maximum tensile strength  
 
Fig. 5. 8 Influence of cement content on direct tensile strength with various curing times 
The tensile strength of soil stabilized with cement significantly improved as can be seen in Fig. 5. 
8. The tensile strength also improved when cement content and curing time increased from 4% to 






























approximately equals to 23.1 times for 7 days, 43 times for 14 days, and 53.9 times for 28 days 
compared to no stabilized soil. The improvement of tensile strength is attributed that cementitious 
structure within the soil matrix is formed and can bear the tensile load. 
5.3.3. Influence of fiber content on tensile strength of cemented soil with different curing time 
Fig. 5. 9 presents the influence of fiber content on the maximum direct tensile strength of fiber 
reinforced cemented soil. The plot depicted that the maximum tensile strength of cemented soil 
enhanced when adding 0.25% fiber in most cases. This improvement of tensile strength can be 
probably explained that fibers can share some tensile load because of the movement restraint of 
fiber in soil matrix [19,32,40]. For increasing fiber content up to 0.5% or 1%, the tensile strength 
reduced or slightly increased in general. This may happen because fibers predominate cement 
products in the soil matrix when a large number of fibers present in the cemented soil matrix. As 
compared to cemented soil, the most improvements of the maximum tensile strength of fiber-
cemented soil are 52%, 45%, and 46% with respect to 7, 14, and 28 days.  
Similar to stress-strain curve, the curing age and cement content also affected to the influence of 
fiber on maximum tensile strength of cemented soil (Fig. 5. 9). At longer curing time and higher 
cement content (Fig. 5. 9c), the tensile strength of fiber-cemented soil was insignificantly higher 
than the tensile strength of cemented soil. This happens due to the enhancement of hydration 
reaction product of cement in quantity as well as quality as explained in the previous section. 
Hence, the effect of fiber on improving the maximum tensile strength of cemented soil reduced 
































































































Fig. 5. 10 Energy absorption capacity of cemented soil reinforced with fiber. a) 7 days, b) 14 
















































































































The energy absorption capacity (EAC) of tensile is defined as the required energy to destroy the 
structure. This is an important parameter which can be used to evaluate the effect of fiber in 
cemented soil reinforcement. EAC is calculated by integrating the area under stress-strain curve. 
In the present work, the total energy absorption capacity of specimen will be determined at the 
strain that specimen completely failed. The total energy absorption capacity is comprised of the 
energy at maximum stress and the residual energy caused by the appearance of residual stress. 
Fig. 5. 10 presents the total energy absorption capacity of cemented soil reinforced with fiber at 
different curing ages. For 7 days, the addition of fiber (0.25%-1%) significantly improved the EAC 
compared to specimens without fiber inclusion (Fig. 5. 10a). The most improvement in tensile 
energy absorption capacity are 227.4%, 456.2%, and 126.5% corresponding to 4%, 8%, and 12% 
cement.  In cases of 14 and 28 days (Fig. 5. 10b and c), the effect of fiber on the EAC was quite 
similar. At low cement content (4%), the addition of fiber also improved the EAC with the most 
enhancement of 476.7% for 14 days and 205.7% for 28 days. However, with using higher cement 
content (8% and 12%), the energy absorption capacity was not significantly affected by the fiber 
inclusion. For instance, the most increasing percentages of EAC are only 15.7% (8% cement) and 
33.1% (12% cement) for curing time of 14 days and 0% (8% cement) and 23.8% (12% cement) 
for curing time of 28 days.  
Besides, the effect of fiber on the residual energy of cemented soil can be also observed in Fig. 5. 
10. The residual energy reduced with the increase of curing age and cement content. It means that 
the influence of fiber on behaviors of cemented soil decreased with high curing time and cement 
content. This is consistent with the results observed above (stress-strain curve and maximum 
strength) and reported in previous research [40]. 
5.3.5. Crack patterns 
The influence of fiber content on cracking pattern is presented in Fig. 5. 11. The linear form of 
crack appeared after failure for specimens with 0% and 0.25% fiber inclusion as Fig. 5. 11a and 
b. The shape of crack pattern of specimen with 0.25% fiber was quite similar to that of specimen 
with no fiber due to the low probability of fiber presented in the weakness plane. For specimens 
with 0.5% and 1% fiber, the form of failure cracking was zigzag as Fig. 5. 11c and d. A reasonable 
explanation for this is that the addition of fiber results in limit the crack propagation following 
potential crack with properly fiber content presented in weakness plane.  
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Fig. 5. 11 Failure pattern of specimens with curing time 28 days and 12% cement; a) 0% fiber, b) 
0.25% fiber, c) 0.5% fiber, and 1% fiber. 
5.3.6. Correlation of direct tensile strength versus splitting tensile strength and direct tensile 
strength versus compressive strength. 
Fig. 5. 12 shows the relationship between direct tensile strength (DTS) and splitting tensile strength 
(STS) of fiber-cemented soil and cemented soil. The splitting tensile strength data are collected 
from Ref. [40]. As shown in Fig. 5. 12, a strong linear relationship can be used to describe the 
relationship between DTS and STS in cases of fiber-cemented soil and cemented soil with the high 
determination coefficient (R2) of 0.935 and 0.971, respectively. In the case of fiber-cemented soil, 
DTS is equal to 0.471 times STS value. While DTS is equal to 0.532 times the value of STS for 
cemented soil. Besides, a general relationship between DTS and STS for cemented soil with and 
without fiber inclusion is also established as Eq. (5. 2) with the high value of determination 
coefficient (R2=0.933). 
DTS STS
0.483                                                         (5. 2)





Fig. 5. 12 The relationship between DTS and STS 
 











































































Fig. 5. 13 represents the relationship between direct tensile strength and unconfined compressive 
strength (UCS). The unconfined compressive strength data are collected from Ref. [40]. As can be 
seen in this figure, the relationship between DTS and UCS can be described as a linear relationship 
with the high value of coefficient of determination (R2=0.924 with respect to cemented soil, 
R2=0.96 with respect to fiber-cemented soil). The relation coefficients of DTS to UCS are 0.086 
and 0.069 with respect to cemented soil and fiber-cemented soil. In order to estimate the direct 
tensile strength from compressive strength value for cemented soil reinforced with and without 
fiber inclusion, a general relationship of DTS and UCS is proposed with a coefficient of 
determination of 0.912 as can be seen in Fig. 5. 13 and Eq. (5. 3). 
DTS UCS
0.071                                                    (5. 3)                                                                                                                                      
5.3.7. Regression model for predicting direct tensile strength based on basic parameters 
Multiple regression analysis, a simple technique, is widely used for establishing the model on some 
problems such as compressive strength, splitting tensile strength, shear strength, pipping resistance, 
etc. [40,74–77]. Therefore, the multiple regression analysis was used to propose the model for 
estimating the maximum direct tensile strength. The form of the multiple regression model was 
assumed as Eq. (5. 4). 
2 2 2
DTS 0 1 2 3 4 5 6 7 8 9
k C k F k D k C k F k D k CF k CD k FD                   (5. 4) 
Where 
DTS
  is direct tensile strength (dependent or output variable); 
0
  is the direct tensile strength 
value of unreinforced specimen (soil only); C, F, and D are cement content, fiber content, and 
curing time (independent variables or input variables); and k0 to k9 are the regression coefficients.  
According to 36 observations, the regression model for predicting direct tensile strength based on 
basic parameters including cement content, fiber content, and curing time is obtained as Eq. (5. 5). 
The R2 value of the new model is 0.946. With the high values of R2, A good relationship between 
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   




Fig. 5. 14 Predicted data versus experimental data 
5.3.8. Sensitive analysis 
After obtaining the model for predicting tensile strength, the sensitive analysis following Ref. [78] 
is applied to the developed model in order to evaluate the effective degree of input variables (C, 




N f f 




















f are the maximum and minimum of predicted output over the ith input domain, 
respectively; while the other input variables are equal to their mean values; n is the number of 
input variables; Si is the effective degree of i
th variable. 
As can be seen in Table 5. 4, the orders of parameters according to the descent of effective degree 
on tensile strength were cement (61.6%), curing time (34.1%), and fiber (4.2%). This result is 
consistent with the observation in Ref. [40]. Despite fiber was the least effective parameter 
compared to the others on maximum compressive strength, the fiber was still important parameter 
because of its effects on residual strength, total energy absorption, tensile cracks of fiber-cement 


























Line of equality 
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Table 5. 2 The sensitivity of input parameters 
Problem Equation 
Effective degree (%) 
C F D 
Direct tensile strength Eq. (5. 5) 61.6 4.2 34.1 
5.4. Conclusions 
The effects of cornsilk fiber on tensile properties including stress-strain curves, maximum direct 
tensile strength, crack patterns, and energy absorption capacity in cemented soil were investigated. 
Some conclusions can be drawn from the experimental and analytical results as follows: 
 Fiber inclusion significantly affects to stress-strain curves of cemented soil. The addition 
of fiber causes the appearance of residual stress-strain curves.  
 In general, the fiber inclusion contributes to the improvement of energy absorption capacity 
and tensile strength of cemented soil. Compared to cemented soil, the most improvements 
in energy absorption capacity and direct tensile strength are 476.7% and 52%, respectively.  
 The influence of fiber in cemented soil on energy absorption capacity, stress-strain curve, 
and tensile strength is reduced with the increasing cement content and curing time. 
 A linear function with the relation coefficients of 0.071 and 0.483 can be used to calculate 
the direct tensile strength from unconfined compressive strength and splitting tensile 
strength, respectively.  
 For cemented soil reinforced with fiber at various curing times, the developed regression 
model is acceptable to use in estimating direct tensile strength with the high value of 
R2=0.946. According to sensitive analysis, the ascending orders of effective parameters on 
direct tensile strength are fiber content (effective degree of 4.2%), curing time (effective 
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Chapter 6. Simplification of Regression Models for Predicting 
Mechanical and Physical Properties of Stabilized Soil 
6.1. Introduction 
Models proposed from experimental data for predicting or evaluating mechanical and physical 
properties in geotechnical engineering have been concerned during past decades 
[7,25,34,68,69,76]. With the proposed models, some properties can be predicted without carrying 
out experiments resulting in saving time and cost. A general method to propose those models is 
regression analysis. This simple method has been applied in many engineering and scientific 
problems in order to establish a model or relationship between effective variables [75]. Therefore, 
many studies [74–76,91] have been used this method in geotechnical engineering. 
Babu et al. [74] proposed regression models for predicting seepage velocity of coir fiber reinforced 
three different kinds of soil. The multiple regression models as functions of hydraulic gradient, 
fiber content, and fiber length were developed based on 49, 65, and 40 experimental data points 
corresponding to sand, red soil, and red soil and sand. The coefficients of determination of multiple 
nonlinear regression models (0.91-0.99) were much higher than that of multiple linear regression 
models (0.71-0.92). Estagragh et al. [75] also proposed regression models for predicting seepage 
velocity of polyethylene and polyester fiber reinforced soil, respectively. The regression models 
were developed based on 137 data points for the polyethylene fiber and 93 data points for the 
polyester fiber. The developed models showed good performance with a high correlation of 
determination. While Tran et al. [40] developed regression models to predict the compressive and 
splitting tensile strength. Models were proposed based on 104 and 107 experimental data points 
corresponding to compressive and tensile strength. The effective variables on strength properties 
were considered in the study including curing time, fiber content, and cement content. The 
common point of the previous studies mentioned above is that the general forms of multiple linear 
regression model (MLR) and multiple nonlinear regression model (MNLR) with the second-order 
were usually used. The MLR model is very simple but its accuracy is not high as compared with 
MNLR model with the second order. On the contrary, MNLR model with second-order seems to 
be complicated although its reliability is very high. Therefore, a process to determine a regression 





6.2. The collected database 
It is well-known fact that the experimental or measured data are necessary to develop an empirical 
formula for predicting any problem in geotechnical engineering based on regression analysis. 
Hence, experimental data from different sources corresponding to different problems were 
collected to propose regression models. Based on the collected data, the modified regression 
models will be developed to compare with the widely used forms in previous studies (MLR and 
MNLR models). In this study, 8 data sources with 613 data points in total will be used to examine 
the novel process as given in Table 6. 1. This table shows the problems (dependent parameters), 
the effective parameters on the problems (independent parameters), and the number of data with 
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6.3. A process for determining multiple regression models by using regression analysis 
method 
In order to determine a simple regression model with high accuracy based on regression analysis, 
a novel process was proposed as follows: 
Step 1: Determining the independent parameters and dependent parameters. The dependent 
parameters may be any problem in geotechnical engineering such as seepage velocity, piping force, 
compressive strength, or tensile strength. While input data are the effective parameters or 
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independent parameters, which may affect the concerned problems such as hydraulic gradient, 
fiber content, cement content, or fiber length. 
Step 2: Assuming the forms of multiple regression models with respect to the different orders as 
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                                                                                (6. 2) 
Third order: 0
1 1 1 1 1 1
n n n n n n
n n ij i j ijk i j k
i j i j k
y k k x k x x k x x x
    
                                                      (6. 3) 
Where y is dependent variable, xn is the independent variable, n is the number of independent 
variables, and k0, kn, kij, and kijk are the regression coefficients with respect to variables in the 
models. The regression coefficients were determined by writing the independent variables and the 
dependent variable into matrix form and solving the matrix. The Eqs. (6. 1-6. 2) are widely used 
to propose the models for predicting the properties in geotechnical engineering such as seepage 
velocity, piping resistance, compressive strength, tensile strength, etc. The reliability of the 
assumed models will be determined based the adjusted coefficient of determination (R2a) as Eq. (6. 
4) because the number of variables in each model is different. From the reliability of each model, 
the suitable model form will be selected. 
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                                    (6. 4) 
Where 
Et
y is estimated value with respect to t= 1, 2, 3, …, m; 
Mt
y is measured value with respect 
to t= 1, 2, 3, …, m; m is the number of measured data; ty is the mean of measured data; k is the 
number of independent variable in the model. 
Step 3: Elimination of insignificant variables from selected model 
The P-value, which is defined as the probability of accepting the null hypothesis and can be 
determined by using ANOVA analysis, was used in order to eliminate the insignificant variables 
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in the selected model. The procedure for removing insignificant variable was conducted as follows. 
At first, the P-values of each variable in the selected model will be examined with the confidence 
levels such as 95%, 99%, or 99.9%. The P-value of every single variable in the model must be less 
than 0.05, 0.01, or 0.001 corresponding to confident levels of 95%, 99%, and 99.9%. In case of 
the P-values satisfying the selected confident level, the model can be acceptable to use. Conversely, 
when P-values do not satisfy the confidence level, the model is not accepted so variable with the 
highest P-value in reference model must be eliminated. Then, a new modified model is determined. 
This procedure will be repeated until all variables in the modified models satisfy the chosen 
confident levels. 
6.4. Results and discussion   
6.4.1. A typical result of the proposed process 
The data collected from Tran et al. [40] will be used to explain the way to obtain the regression 
model developed from proposed procedure. In their study, there are three significant parameters 
affecting the compressive strength including curing time, cement content, and fiber content. Hence, 
the independent parameters in regression models consist of curing time (D), cement content (C), 
and fiber content (F), while compressive strength is dependent parameter. Corresponding to three 
independent parameters, the form of regression models with variations of order (1, 2, and 3) are 
given after expanding and abbreviating as Eq. (6. 5-6. 7). 
First order: 0 1 1 2 2 3 3y k k x k x k x                                                                                             (6. 5) 
Second order: 
2 2 2
0 1 1 2 2 3 3 4 1 5 2 6 3 7 1 2 8 1 3 9 2 3
y k k x k x k x k x k x k x k x x k x x k x x                         (6. 6) 
Third order: 
2 2 2
0 1 1 2 2 3 3 4 1 5 2 6 3 7 1 2 8 1 3
3 3 3 2 2 2
9 2 3 10 1 11 2 12 3 13 1 2 14 1 3 15 2 1
2 2 2
16 2 3 17 3 1 18 3 2 19 1 2 3
y k k x k x k x k x k x k x k x x k x x
k x x k x k x k x k x x k x x k x x
k x x k x x k x x k x x x
        
      
   
                               (6. 7) 
Where:  y is dependent variable, x1 to x3 is the independent variables, and k0 to k19 are the regression 
coefficients with respect to variables in the models. Based on the assumed Eqs. (6. 5-6. 7) and 104 
collected data points, the regression models for predicting compressive strength following the 
parameters with respect to first, second, and third order were shown in Eqs. (6.8-6. 10), 
respectively. The adjusted determination coefficients (R2a) corresponding to Eqs. (6. 8-6. 10) were 
0.858, 0.939, and 0.954. Based on the value of R2a, the model with the third order (Eq. (6. 10)) is 
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the best equation for predicting compressive strength as compared to the others. However, this 
model is very complicated and its reliability is not much higher than the model with the second 
order (Eq. (6. 9)) (less than 1.6%). Therefore, Eq. (6. 9) is selected to eliminate the insignificant 
variables of itself based on the P-values. 
2.216 0.099 0.587 0.83
c
D C F                                                                                           (6. 8) 
2 2
2
3.004 0.137 0.677 5.021 0.004 0.018
4.312 0.013 0.015 0.004
c
D C F D C
F DC DF CF
       
   
                                                 (6. 9) 
2 2 2
5 3 3 3 2 6 2
2 2 2 2
0.024 0.096 0.049 5.469 0.001 0.024 13.753 0.063
0.015 0.349 2 10 0.001 9.933 0.001 9 10
0.002 0.013 0.018 0.575 0.003
c
D C F D C F DC
DF CF D C F D C D F
C D C F F D F C DCF

 
        
        
    
       (6. 10) 
After obtaining the suitable form of model for predicting compressive strength as Eq. (6. 9), the 
most insignificant variable in Eq. (6. 9) is determined by comparing the P-value of variable with 
the highest P-value in the model to the selected confidence level. Typically, with the selected 
confident level of 95%, the highest P-value of 0.94 with respect to the variable of CF is larger than 
0.05 so CF is the most insignificant variable in Eq. (6. 9). As a result, the variable of CF is 
eliminated. Then the new model is proposed as Eq. (6. 11). The procedure will be repeated until 
obtaining P-values less than the chosen confident level. All results of simplified procedure of 
regression model were shown in Table 6. 2 and Eqs. (6. 11-6. 15). Corresponding to the confident 
levels of 95%, 99%, and 99.9%, the modified models will be Eqs. (6. 12, 6. 13, and 6. 15).  
2 2
2
3.015 0.137 0.678 5.049 0.004 0.018
4.311 0.013 0.015
c
D C F D C
F DC DF
       
  
                                              (6. 11) 
2 2
2
3.106 0.142 0.676 5.279 0.004 0.018
4.305 0.013
c
D C F D C
F DC
       
 
                                              (6. 12) 
2 2
2.136 0.141 0.386 5.288 0.004 4.319
0.013
c
D C F D F
DC
       

                                              (6. 13) 
2 2
1.001 0.352 5.283 0.006 4.317 0.015
c
C F D F DC                                                    (6. 14) 
2
1.189 0.387 5.28 4.311 0.013
c





















D 4.4E-03 4.2E-03 2.7E-03 3.7E-03 - - 
C 2.7E-07 1.7E-07 1.8E-07 4.2E-18 2.1E-16 5.4E-33 
F 1.3E-10 2.1E-13 1.5E-16 4.7E-16 2.8E-15 3.0E-15 
D2 1.3E-03 1.2E-03 1.2E-03 1.6E-03 2.2E-01 - 
C2 1.3E-02 1.3E-02 1.3E-02 - - - 
F2 8.1E-14 6.0E-14 5.6E-14 1.4E-13 6.8E-13 7.6E-13 
D*C 5.8E-09 4.7E-09 3.6E-09 5.0E-09 1.1E-11 2.8E-29 
D*F 3.8E-01 3.8E-01 - - - - 
C*F 9.4E-01 - - - - - 
As compared to the original model (Eq. (6. 9)), the reliability of modified models are still high and 
the modified models are simpler. For example, Fig. 6. 1 shows the relationship between measured 
and predicted data when using selected model and modified model with the confidence level of 
99.9%. The R2a value of modified model for predicting compressive strength (Eq. (6. 15)) is 0.931. 
While the R2a value of MNLR model (Eq. (6. 9)) is 0.939. The difference of R
2
a value between 
modified model and MNLR model is just less than 1%.  
 























Modifed model (Eq. 6.15)
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6.4.2. Comparison between modified model and MLR and MNLR models 
As mentioned in the section above, MLR (Eq. (6. 5)) and MNLR models (Eq. (6. 6)) were widely 
used in previous studies. Therefore, these two models will be used to compare with the model 
developed from the proposed process. The forms of MLR, MNLR, and modified models with 
varied confident level according to 8 data sources are given in Table 6. 3. Two metrics consisted 
of adjusted coefficient of determination (R2a) and root mean square error (RMSE) were used to 
compare the performance of these models. The ranges of R2a value with respect to MLR, MNLR, 
and modified models are 0.497-0.959, 0.915-0.992, and 0.892-0.992. As can be seen from this 
result, the R2a values of modified models are significantly higher than that of MLR models with 
the increasing percentage range of 3.3% - 88.9%. While the values of modified model slightly 
reduce as comparing to MNLR models with the reducing percentage range of 0% - 2.5%. Fig. 6. 
2 shows the RMSE values of the models developed from 8 data sources, the results revealed that 
the RMSE values of modified models significantly reduce and slightly increase as compared to 
that of MLR and MNLR models, respectively. It is clear to see that the performance of modified 
models is better than the MLR models and almost the same as the MNLR models. However, 
considering the simplicity of model, the modified models are simpler than MNLR models. As a 
result, modified models are acceptable to use predicting the concerned geotechnical problems.  
In these modified models, the R2a and RMSE values of modified models with respect to three 
different confident levels (95%, 99%, and 99.9%) are almost the same as can be also seen in Table 
6. 3 and Fig. 6. 2. Typically, in case of the source of 7th, the R2a values of three modified models 
are 0.939, 0.936, and 0.931 corresponding to 95%, 99%, and 99.9% confidence level. Meanwhile, 
the RMSE values of modified model with respect to 95%, 99%, and 99.9% confidence level are 
0.531, 0.549, and 0.578. It means that the performance of these models is quite similar. However, 
the models with the confidence level of 99.9% are simpler than the others (95% and 99%). 
Therefore, models with the confidence level of 99.9% are the best. In other words, the confidence 











Name R2a Equations 
1 
MLR  0.959 0.006 0.034 0.0001 0.106c lv f f i       
MNLR  0.991 
2
2 2
0.012 0.4028 0.0071 0.0794 0.0144
0.0002 0.0181 0.0088 0.0242 0.0001
c l c
l c l c l
v f f i f
f i f f f i f i
     










v f f i f
i f f f i
     
  
 Modified (0.01) 
Modified (0.001) 
2 




0.0013 0.1278 0.0021 0.0164 0.02
0.00004 0.0004 0.0022 0.0061 0.0001
c l c
l c l c l
v f f i f
f i f f f i f i
     






0.0014 0.1284 0.0021 0.0169 0.0204
0.00004 0.0022 0.0057 0.0001
c l c
l c l c l
v f f i f
f f f f i f i
     
   
 Modified (0.01) 
Modified (0.001) 
3 




0.0043 0.181 0.0033 0.0348 0.0036
0.00006 0.0088 0.0035 0.01 0.00002
c l c
l c l c l
v f f i f
f i f f f i f i
    











v f f i f
i f f f i
    
  
 Modified (0.01) 
Modified (0.001) 
4 
MLR  0.753 0.0004 0.0007 0.00001 0.0016c lv f f i     
MNLR 0.915 
2
6 2 2 5 5 5
0.001 0.0032 0.0002 0.0027 0.0026
3 10 0.0002 8 10 1 10 9 10
c l c
l c l l c
v f f i f
f i f f f i f i
   
     
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Name R2a Equations 
5 
MLR  0.890 0.0001 0.0009 0.00002 0.0019c lv f f i      
MNLR 0.943 
6 2
8 2 2 7 5
0.0023 0.0072 7 10 0.0025 0.0041
7 10 0.0001 5 10 0.0006 2 10
c l c
l c l c l
v f f i f
f i f f f i f i

  
     










v f i f f i
f i





Modified (0.001) 0.939 
2 5
0.0031 0.0081 0.0017 0.0041 2 10
c c l
v f i f f i

       
6 




4.09 0.18 0.777 0.025 0.002 0.261
0.018 0.026 0.003 0.034
c
W C F W C
F WC WF CF
      





4.014 0.176 0.75 0.002 0.267 0.026
0.0006
c
W C W C WC
WF
      

 Modified (0.01) 
Modified (0.001) 
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3.004 0.137 0.0.677 5.021 0.004
0.018 4.312 0.013 0.015 0.004
c
D C F D
C F DC DF CF
      
    
 
Modified (0.05) 0.939 
2
2 2
3.106 0.142 0.676 5.279 0.004
0.018 4.305 0.013
c
D C F D
C F DC
      
  
 
Modified (0.01) 0.936 
2
2
2.136 0.141 0.386 5.288 0.004
4.319 0.013
c
D C F D
F DC
      
 
 
Modified (0.001) 0.931 
2
1.189 0.387 5.28 4.311 0.013
c
C F F DC        
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0.72 0.043 0.149 0.689 0.001
0.006 0.509 0.002 0.003 0.007
t
W C F W
C F WC WF CF
      






0.673 0.042 0.146 0.582 0.001
0.006 0.51 0.002
t
W C F W
C F WC
      
  







Fig. 6. 2 The root mean square errors. a) Source No. 1, b) Source No. 2, c) Source No. 3, d) 
















































































































































8 collected data sources were used to examine a novel process in developing regression models 
for evaluating and predicting some properties in geotechnical or civil engineering based on the 
effective variables. The results indicate that the accuracy of modified regression models is better 
than that of MLR models in estimation. All modified models with different confident levels of 
95%, 99%, and 99.9% are simpler than MNLR models and their accuracy is almost high as MNLR 
models. Modified model with a confident level of 99.9% is the best in prediction based on the 
accuracy and simplicity so the confidence level should be used to determine modified regression 
models is 99.9% (P-values < 0.001). Therefore, the proposed process of regression analysis to 
























































Chapter 7. Conclusions  
A series of experiments was carried out to investigate the effect of cornsilk fiber on mechanical 
characteristics of waste soil stabilized with cement and natural fiber material. In addition, this 
research also did some result analysis from experimental data such as proposing the relationship 
of compressive strength versus splitting tensile strength, compressive strength versus direct tensile 
strength, etc.; developing some regression models for predicting compressive, tensile strength 
relying on basic parameters consisted of curing time, cement content, and fiber content; and 
determining the effective degree of parameters on strength properties based on sensitivity analysis. 
According to the experimental and analysis results, the conclusions can be withdrawn as follows: 
 Three methods to recycle waste soil and natural fiber were used in this research. The 
stabilized soil could be used as ground and building material. 
 The addition of fiber and cement in soil results in the improvement of compressive strength 
and tensile strength in general.  
 For method of fiber reinforced soil, the fiber length and fiber content significantly affect 
to maximum dry unit weight and optimum water content. In term of compressive strength, 
the optimum fiber content and fiber length for this method are 1% and 10 mm, respectively 
with the most improvement of 38%. Meanwhile, the most improvement in splitting tensile 
strength of specimen corresponding to fiber content of  2% and fiber length of 50 mm is 
about 210%. The addition of fiber also improves secant modulus as well as toughness. 
 For cemented soil reinforced with fiber, The most enhancement of compressive strength 
and tensile strength are 177% and 88%, respectively. The optimum fiber content in this 
method when using cornsilk fiber is 0.25%-0.5%. Fiber inclusion results in the appearance 
of residual stress-strain curves when conducting direct tensile test. The energy absorption 
capacity, stress-strain curve, and direct tensile strength increase with the fiber addition. 
Direct tensile strength could be determined from compressive strength and splitting tensile 
strength by a relation coefficient of 0.071 and 0.483 respectively. Multiple nonlinear 
regression models were proposed to evaluate strength properties. These models could be 
acceptable to use. The effective degree of the parameters including curing time, cement 
content, and fiber content on compressive and splitting tensile strength is investigated. 
Cement content is the most effective parameter followed by curing time and fiber content. 
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 The simplification procedure for build the regression models for predicting the problems 
is acceptable. 
In conclusion, based on on the viewpoints of engineering, environment, and economic, we can 
conclude that the cornsilk fiber could be considered as a good fiber material for using in the method 
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